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Over the last three decades, the Bering Sea has undergone dramatic changes in 
its physical and biological environment due to anthropogenic warming, accompanied 
by a dramatic shift in sea-ice cover, thickness, and duration of the ice season. These 
recent observations have increased the interest of the paleo-community in 
reconstructing the past variability of sea-surface characteristics in this region.   
The main objectives of this study were the millennial-scale reconstruction of 
the variability of surface-water conditions and terrigenous input in the subarctic 
Pacific and Bering Sea over the last glacial-deglacial-Holocene time interval (25 ka) 
in order to investigate their relationship to global climate change. For this purpose, 
changes in organic geochemical composition in surface sediments and sediment 
cores, collected during the SO202- INOPEX RV Sonne and SO201-KALMAR R/V 
Sonne cruises were investigated. The main results of this thesis are presented in three 
manuscripts. 
In order to determine the applicability of specific biomarkers, in view of 
future paleoclimatologic and paleoceanographic reconstructions in the subarctic 
Pacific and the Bering Sea, the first manuscript was dedicated to the reconstruction 
of modern sea-surface characteristics, i.e., sea-surface temperature (SST) and sea-ice 
cover in this area. Based on hydrogen index values and the distribution of long-chain 
n-alkanes and specific sterols in surface sediment, we show that different organic-
carbon sources prevailed in the study area. In the Bering Sea, organic matter has a 
predominantly marine origin, caused by high primary production, whereas in the 
North Pacific, organic carbon originates mostly from terrestrial higher plants, 
probably related to dust input from Asia. The results from the alkenone-based SST 
reconstruction demonstrate that the Sikes et al. (1997) calibration seems to be more 
accurate and matches the summer SSTs in the eastern North Pacific and the Bering 
Sea better than the Müller et al. (1998) calibration. In this study, we also show that 
the distribution of the novel sea-ice proxy IP25 in surface sediments mirror the 
modern spring sea-ice distribution and demonstrates the potential of this proxy to 
track past variations in sea-ice cover in the study area. 
In the second manuscript we use IP25 abundances, alkenone-based sea-surface 
temperatures, diatom and biogenic opal data from three sediment cores from the 
western North Pacific and western Bering Sea to reconstruct the variability of sea-ice 
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extent during the past 18 ka. In general, there is a very good correlation between the 
biomarkers-based and the diatoms-based sea-ice records. The results demonstrate 
that a dominantly permanent sea-ice cover prevailed in the western Bering Sea 
during cold periods (Heinrich Stadial 1 and Younger Dryas), whereas reduced sea-ice 
or ice-free conditions existed during warmer intervals (Bølling/Allerød and 
Holocene). Warm intervals of reduced sea ice coincide with increased biogenic opal, 
indicating increased primary production. 
In the last manuscript, the millennial-scale of sea-ice reconstruction was extended to 
include the northeastern Bering Sea and the eastern and western subarctic Pacific. 
The results show that an extensive sea-ice cover prevailed over large parts of the 
subarctic Pacific and the Bering Sea during the LGM. The deglaciation-Holocene 
time interval is characterized by rapid sea-ice advance and retreat. During cold 
periods (Heinrich Stadial 1 and Younger Dryas) seasonal sea-ice cover generally 
coincides with low alkenone SSTs and low primary productivity. Conversely, during 
warmer intervals (Bølling/Allerød and Holocene) predominance of reduced sea ice or 
ice-free conditions are generally associated with increase in alkenone SSTs and 
primary productivity. However, in the northern Bering Sea continental shelf ice-free 
conditions prevailing during the Holocene Thermal Maximum shifted to marginal 
sea-ice conditions at the onset of the Mid Holocene. 
In summary, the work in this thesis demonstrates that sea-ice extent in the 
subarctic Pacific and the Bering Sea was highly variable during the last 25,000 years. 
The variability can be explained by a combination of local factors (e.g. solar 
insolation), as well as global climate anomalies (e.g. Bølling/Allerød and Younger 
Dryas) and sea-level changes controlling the oceanographic circulation between the 










Während der letzten 30 Jahre haben sich die physikalischen und biologischen 
Eigenschaften des Beringmeers dramatisch gewandelt. Eine Erwärmung des 
Oberflächenwassers wurde begleitet von einer Verringerung der 
Meereiskonzentration und  -ausdehnung sowie der Dauer der Meereisbedeckung. 
Diese Beobachtungen haben zu einem wachsenden Interesse hinsichtlich der 
Rekonstruktion vergangener Variabilitäten von Oberflächenparametern in dieser 
Region geführt. 
Das Hauptaugenmerk dieser Arbeit ist die detailliert Rekonstruktion von 
Variabilitäten auf Jahrtausendskala der Oberflächenwasserparameter und des 
terrigenen Eintrags in den subarktischen Pazifik und das Beringmeer während der 
letzten 25.000 Jahre unter Berücksichtigung globaler Klimaänderungen. Hierfür 
wurden Änderungen in der organisch-geochemischen Zusammensetzung von 
Oberflächensedimenten und Sedimentkernen untersucht, welche während zwei 
Ausfahrten, SO202- INOPEX R/V Sonne und der SO201- KALMAR R/V Sonne, 
genommen wurden. Die Ergebnisse dieser Unteruchungen sind in drei Manuskripten 
zusammengestellt worden. 
Das ertse Manuskript beschäftigt sich mit der Verwendbarkeit spezieller Biomarker 
zur Rekonstruktion moderner Oberflächenwassercharakteristika des subarktischen 
Pazifiks und des Beringmeeres, im speziellen Oberflächenwassertemperaturen und 
Meereisbedeckung.  
Basierend auf Wasserstoffindexwerten, langkettigen n-Alkanen und spezifischen 
Sterolen konnten wir zeigen, dass es im Untersuchungsgebiet verschiedene Quellen 
für organischen Kohlenstoff gibt. Während der organische Kohlenstoff im 
Beringmeer aufgrund hoher Primärproduktion hauptsächlich marinen Ursprungs ist, 
stammt der organische Kohlenstoff im Nordpazifik v.a. von terrestrischen, höher 
entwickelten Pflanzen, was sich wahrscheinlich mit dem Staubeintrag aus Asien in 
Beziehung setzen lässt.  Die Ergebnisse der Uk´37-Rekonstruktion der 
Oberflächenwassertemperaturen zeigen, dass die Kalibration von Sikes et al. (1997) 
mit den Sommer-Oberflächenwassertemperaturen im östlichen Nordpazifik und dem 
Beringmeer übereinstimmen. Wir können außerdem nachweisen, dass die Verteilung 
des neuen Meereisproxies IP25 in den Oberflächensedimenten die moderne 
 ? ???
Meereisverteilung während des Frühlings widerspiegelt, womit wir das Potential 
dieses Proxies zur Rekonstruktion vergangener Variationen in der Meereisbedeckung 
darlegen.  
Zum zweiten Manuskript wurden IP25 und Oberflächenwassertemperaturen, 
Diatomeen und biogenen Opaldaten in drei Kernen aus dem westlichen Nordpazifik 
und dem westlichen Beringmeer untersucht, um eine detaillierte Rekonstruktion der 
Meereisausdehnung über die letzten 18.000 Jahre zu gewinnen. Die Ergebnisse 
zeigen, dass im westlichen Beringmeer während kalter Zeitintervalle (Heinrich Stadial 
1 und Jüngere Dryas) hauptsächlich eine permanente Meereisbedeckung vorherrschte, 
wohingegen während wärmerer Zeitabschnitte (Bølling/Allerød und Holozän) 
verminderte oder eisfreie Bedingungen vorherrschten. Die Warmphasen mit 
verringertes Eisbedeckung zeichen sih durch eine erhöte Primarproduktion aus, was 
sich in erhöte Opalwerte widerspiegelt. 
Zum dritten Manuskript wurde die Meereisrekonstruktion auf der Jahrtausendskala 
auf Sedimentkerne aus dem nordöstlichen Beringmeer und dem östlichen sowie 
westlichen subarktischen Pazifik angewandt. Die Ergebnisse zeigen eine ausgedehnte 
Meereisbedeckung im subarktischen Pazifik und dem Beringmeer während des 
Letzten Glazialen Maximums. Das Deglazial wird durch schnelle Meereisausbreitung 
und –rückzug charakterisiert, mit saisonaler Meereisbedeckung während kalter 
Zeitabschnitte (Heinrich Stadial 1 und Jüngere Dryas) und verringertem Meereis oder 
eisfreien Bedingungen während wärmerer Intervalle (Bølling/Allerød). Während des 
Holozäns dominieren eisfreie Bedingungen den subarktischen Pazifik und das 
südliche Beringmeer. Auf dem nördlichen Kontinentalschelf des Beringmeeres ist 
währenddessen jedoch eine Änderung von eisfreien Bedingungen während des 
Atlantikums zu ausgedehnten/randlichen Meereisbedingungen am Ende des Frühen 
Holozäns zu beobachten.  
Die in der vorliegenden Arbeit beschriebenen Veränderungen in der 
Meereisausdehnung im subarktischen Pazifik und dem Beringmeer sind eng 
gekoppelt an Veränderungen in der Insolation, Klimaanomalien sowie Änderungen 
des Meeresspiegels, welche die ozeanographische Zirkulation zwischen dem 
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1.1 RATIONALE AND OBJECTIVES OF THE THESIS 
 
The overall goal of this thesis is to reconstruct the millennial-scale variability of 
surface-water characteristics and terrigenous input in the subarctic Pacific and Bering 
Sea over the last glacial-deglacial-Holocene time interval and their relationship to 
global climate change using organic geochemical proxies. Specific targets of the 
thesis are:  
• Sea-surface temperature reconstruction based on alkenones (Uk’37) 
• Reconstruction of sea-ice cover based on highly-branched isoprenoids (HBIs, 
IP25) 
• Reconstruction of productivity using specific biomarkers (alkenones, sterols - 
especially brassicasterol and dinosterol, short-chain n-alkanes) and flux rates of 
marine organic carbon (OC) 
• Input of terrigenous OC using long-chain n-alkanes, sterols (campesterol, ß-
sitosterol)  
The thesis is divided into six different chapters. Chapter 1 provides background 
information about the Bering Sea and subarctic Pacific modern and past 
oceanographic conditions, as well as general knowledge about the biomarkers used 
within this thesis. Chapter 2 proposes a brief description of materials and methods. 
Chapters 3 to 5 consist of three published, submitted or to be submitted manuscripts 
providing new insights on modern and past variability in sea-surface temperature, sea 
ice and terrigenous input in the subpolar North Pacific and the Bering Sea. The own 
contribution and contributions of co-authors to each manuscript is summarized at the 
end of each of these chapters. 
The main objectives are presented in the form of three specific key questions to be 
answered in Chapter 3 to 5: 
? Does the reconstruction of sea-surface temperature, sea-ice extent and 
productivity based on sedimentary proxies reflect the modern sea-surface 
conditions in the subarctic North Pacific and the Bering Sea? 







different biomarkers in the subarctic Pacific and the Bering Sea in view of 
future paleoclimatologic and paleoceanographic reconstructions in these areas, 
and the following questions were posed: 
• What are the main factors controlling organic-carbon accumulation in the 
(sub-) polar North Pacific? What is the ratio of terrigenous (eolian) vs. marine 
(phytoplankton-related) organic-carbon sources?  
• Can IP25 faithfully track modern sea-ice coverage in the Subarctic Pacific and 
the Bering Sea? 
• Is there a correlation between marine primary productivity and sea-ice 
coverage? 
• Which alkenone calibration is the most suitable for the subarctic Pacific and 
the Bering Sea? 
 
? How did the sea-ice extent change during millennial-scale fluctuations of 
the past 18 ka in the subarctic Pacific and the Bering Sea? What were the 
mechanisms controlling the sea-ice extent/retreat? 
In Chapter 4, the sea-ice proxy IP25 was analyzed in three cores located in the 
southwestern Bering Sea and the western subarctic Pacific in order to allow a 
high-resolution reconstruction of sea-ice coverage over the past 18 Ka. To 
assess the mechanisms controlling the sea-ice extent/retreat, IP25 data were 
interpreted taking into consideration published SST, biogenic opal and diatom 
data obtained from the same cores.  
• How does IP25 correlate with micropaleontological proxies? 
• Is there a correlation between sea-ice evolution and deglacial SST 
development over this period? 
• Is there a relationship between productivity and sea-ice coverage? 
 
? How did the surface-water characteristics (SST, productivity and sea-ice 
cover) and the organic-carbon sources change in the subarctic Pacific and the 
Bering Sea in relationship to global climate change over the last 30 ka? 
In Chapter 5, the combinatory biomarker approach was used on three sediment 







reconstructed the spatial and temporal surface-water variability and the 
organic-matter sources in marine sediment in order to answer the following 
questions. 
• How did the alkenone-based SST and the paleoproductivity change on 
millennial time scales? 
• How did sea-ice extent respond to glacial/interglacial climate changes?  
• How did changes in the sea-ice cover relate to the paleoceanographic 
evolution (i.e., SST, productivity)? 
• What were the main factors controlling organic-carbon accumulation in the 
subarctic Pacific and the Bering Sea during the last about 30 ka? 
 
Finally, Chapter 6 presents conclusions of this thesis and future research 
perspectives. 
 
1.2 THE SUBARCTIC PACIFIC AND THE BERING SEA 
1.2.1. MODERN OCEANOGRAPHIC CONDITIONS 
 
The Bering Sea is a semi-enclosed marginal sea surrounded by Siberia on the west 
and north, and Alaska on the east. The Bering Sea is separated from the North Pacific 
by the Aleutian islands on the south (Fig. 1). With a surface area of 2.29x106 km2, it is 
the third largest enclosed marginal sea in the world (Hood, 1983). 
The Bering Sea can be divided almost equally into two areas, a deep basin in 
the west (maximum 3500m of water depth) and shallow (< 200m water depth) and 
extended continental shelves (> 500 km) in the east, contrasting with the narrow shelf 
(<100 km) along the Kamchatka Peninsula in the west (Stabeno et al., 1999). The 
Bering Strait, in the north of the Bering Sea, is the only direct ocean link between the 
Pacific and the Arctic Oceans and allows a unidirectional outflow of the Bering Sea-
surface water into the Arctic Ocean (Takahashi, 2005). The surface circulation in the 
Bering Sea is often described as a cyclonic gyre originated from the inflow, through 
the Aleutian passes, of the Alaskan Current (AC) and the Alaskan Coastal Current 
(ACC) (Stabeno et al., 2004) (Fig. 1). Inside the Bering Sea basin, the anticlockwise 







Slope Current (ANSC) and the Bering Slope Current (BSC), flowing along the 
Aleutian Islands and the northern continental slope, respectively (Schumacher and 
Reed, 1992; Stabeno and Reed, 1994: Fig.1). Most of the surface water forming 
Bering Sea-surface circulation exit as Kamchatka Current (KC). This current flows 
along the Siberia-Kamchatka Peninsula coast, through the Aleutian passes and the 
4420 m deep Kamchatka strait, and feeds into the Oyashio Current in the Western 
Subarctic Pacific. The West Alaska Current (WAC) and the Anadyr Current (AC) 
originate, from the ACC and a northern branch of the BSC, respectively, leave the 
Bering Sea through the Bering Strait and flow northward into the Arctic Ocean (Fig. 
1). The surface-water circulation in the central North Pacific is dominated by two 
major currents flowing eastward; the Subarctic current (SC) and the North Pacific 
Current (NPC). The latter originates from the Kuroshio Current (KC), which is 
renamed Kuroshio Extension (KuE) upon entering the central North Pacific (Fig. 1; 








Fig. 1: Map of the subarctic Pacific and the Bering Sea, showing the cruise track of the INOPEX RV 
Sonne Expedition SO202 (dotted green line) (Gersonde, 2012), the location of the studied cores (red 
dots) and oceanographic setting with major oceanic surface currents (Stabeno and Reed, 1994) and the 
typical spring and fall ice extent boundaries (after Danielson et al., 2011). Dark blue arrows represent 
the oceanic surface circulation (AS= Alaskan Stream, ACC= Alaskan Coastal Current, ANSC= 
Aleutian North Slope Current, BSC= Bering Slope Current, WAC= West Alaska Current, AC= Anadyr 
Current, KC= Kamchatka Current, OC= Oyashio Current, KuE= Kuroshio Extension, NPC=North 
Pacific Current, SC=Subarctic current). Spring and autumn sea ice are indicated by the blue and darker 








Sea- ice advance and retreat in the Bering Sea is the largest in the Arctic or subarctic 














 Sea-ice formation mechanisms in the Bering Sea are similar to the one 
observed in the Arctic Ocean. It is initiated in the Chukchi Sea by the cooling of 
surface water below the freezing temperatures. Sea ice starts appearing in October-
November on the southern coast of the Chukchi and Seward Peninsula, as well as 
around the St. Lawrence and St. Matthew islands coasts. Over early winter, the sea-
ice is blown southward by the Arctic winds, i.e. a critical component in the formation 
and the advection of ice, and also in the water column cooling before the advent of 
polynyas in the Bering Sea (Stabeno et al., 2007). Polynyas enhance the cooling of 
the surface water by allowing heat exchanges between the ocean and the atmosphere, 
resulting in vast expanse sea-ice and intense brine formation (Stabeno et al., 1999). 
The salt rejection initiates densification of the sea-surface water and triggers 
stratification, leading to cold and less salty surface layers (Dieckmann and Hellmer, 
2003). The sustained cooling of the surface water permit the southward advance of 
the sea-ice until it reaches warmer water and melts. Sea-ice maximum occurs in 
Fig. 2: Arctic sea-ice average concentrations from 1981-2010. Seasonal maximum (March) and 
minimum (September) levels based on passive microwave satellite data (National Snow and Ice Data







March or early April (Fig.1 and Fig. 2) and covers approximately 75% of the shelf 
region, reaching, in heavy ice years, the break shelf region with a southernmost 
extent at 54.5°N (Stabeno et al., 2007; Niebauer, 1980). In contrast to the central 
Arctic perennial ice cover, the sea-ice in the Bering Sea retreats several hundreds 
kilometres into the Chukchi Sea, leaving the shelf ice-free (Fig. 1 and Fig. 2). 
 The melting of sea ice during spring generates large input of fresh melt-water, 
leading to salinity based stratification water as described in the Arctic (Sakshaug, 
2004). This stratification, associated with surface-water solar heating and wind 
mixing (Stabeno et al, 2007), create a short period of intense phytoplankton bloom at 
the sea-ice edge in the Bering Sea. The bloom on the Bering Sea continental slope 
typically starts at the end of April, preceding by days or weeks the bloom in the open 
water environment of the Bering Sea (Niebauer et al., 1995).  
Therefore, sea-ice is a critical parameter determining the physical and 
biological structure of the water column (Hunt et al, 2002; Stabeno et al., 2010). The 
melting of the sea ice lead to a spring bloom at the ice-edge, which, despite its short 
duration, plays an important role in the annual primary production regime of the 
eastern Bering Sea shelf.  However, the sea-ice is not the single parameter 
controlling the marine productivity regime in the Bering Sea. As described by 
Springer et al. (1996), previously defined anticlockwise circulation (Fig. 1), 
especially the BSC, is associated with an area where primary and secondary 
productivity exceed by 60% the production of the outer domain. In this area, defined 
as the “Bering Sea Green Belt” (BSGB), the annual primary productivity can reach 
175 to 275 gC.m2.year. Other physical processes, such as intensive tidal mixing 
induced by storm or upwelling near the green belt, transport nutrients into the 
euphotic zone of the BSGB and contribute to enhanced primary productivity 
(Springer, 1996)  
The timing of the phytoplankton bloom can be tracked by elevated sea-surface 
chlorophyll a concentrations determined from satellite ocean colour observations 
(Mizobata et al., 2002; Mizobata and Saithoh, 2004; Okkonen et al., 2004; Iida and 
Saitoh, 2007) (Fig. 3). The Bering Sea can be divided into two regions in terms of 
chlorophyll a concentration. First, the shelf region where the previously described 
phytoplankton bloom takes place and is characterized by high chlorophyll a 







characterized by a low chlorophyll concentration (<1 mg/m-3) throughout the year 
















The highly productive Bering Sea is characterized by elevated phytoplankton 
and zooplankton abundances. High silica concentration is found in the water column 
due to the presence of siliceous planktons, such as diatoms (e.g. Sancetta et Robinson 
1983, Takahashi 2002, Katsuki et al., 2009) and radiolarians (e.g. Tanaka and 
Takahashi, 2005, Wang et al., 2006).  
 
1.2.2 OVERVIEW OF PALEOCEANOGRAPHY  
1.2.2.1 LAST GLACIAL 
 
The Bering Sea is one of the areas which underwent major morphologic and climatic 
changes during the Quaternary (Hopkins, 1982). During the last glaciation, high 
latitude northern Hemisphere winter insolation was comparable as today. However, 
Fig. 3: Maximum (A) and minimum (B) chlorophyll concentration values observed in the Bering Sea







summer insolation was significantly less intense (Berger, 1978), resulting in 
progressive accumulation of sea ice and continental ice sheet (Fig. 4). 
Previous paleoceanographic studies in the Bering Sea are mostly based on 
diatom and radiolarian assemblages (e.g. Cook et al., 2005; Katsuki and Takahashi, 
2005; Tanaka and Takahashi, 2005; Wang et al, 2006) due to the low calcium 
carbonate concentrations in the underlying sediments. During the last glacial, 
extreme glacial conditions with sea-ice cover prevailing throughout the year in the 
major part of the Bering Sea (Fig. 4), is suggested by high abundance of sea-ice 
diatoms, Nitzchia, in this area (Sancetta et al., 1985). Ice-related diatom species were 
also found in sediment cores from the subarctic Pacific, albeit in lower abundance. 
This, in combination with the presence of open-water diatoms species, suggest that 
sea-ice condition was seasonal in the subarctic Pacific (Sancetta, 1983; Katsuki et al., 
2003). 
  
Fig. 4: Schematic illustration showing the influence of the last glacial sea level drop in the Bering Sea 
and the subarctic Pacific. The green dashed area represents aerially exposed land, including the eastern 
Bering Sea shallow continental shelf, forming Beringia and the Bering Strait, closed at this period 
(Manley, 2002). The grey arrows represent the past oceanic surface circulation (AS= Alaskan Stream, 
ANSC= Aleutian North Slope Current, BSC= Bering Slope Current, KC= Kamchatka Current), with a
decrease in AS water inflow into the Bering Sea (Stabeno et al., 2002). Dark blue dotted line represent
the modern spring sea-ice extent boundaries, the light grey-blue and darker grey-blue shaded areas 







Large volume of ice is also indicated by an increase of ice-rafted debris (IRD) 
accumulation during the Last Glacial Maximum (LGM) (Sancetta et al., 1983) (Fig. 
5). Enhancement of IRD accumulation in the Bering Sea and the subarctic Pacific 
reflects an increase of icebergs drift from Alaska, Siberia and from the Bering Sea 
northern shelf, probably caused by a southward migration of the northern coastline as 
a result of sea-level drop (Gorbarenko, 1996; Gorbarenko et al., 2010). 
Since the global sea level was more than 100 m lower than at present 
(Hopkins 1973, Chappell et al.1996), the eastern Bering Sea shallow continental 
shelf was aerially exposed, forming Beringia (Fig. 4). At the same time, the Bering 
Strait was shut, isolating the North Pacific from the Arctic. Moreover, the sea-level 
drop resulted in the partial closure of the shallow and narrow Aleutian passes 
(Stabeno et al., 2002), leading to a decrease in the amount of relatively fresh and 
nutrient-rich North Pacific water inflow into the Bering Sea. Partial isolation the 
Bering Sea is suggested by the low abundance of open-water diatoms, i.e. an Alaskan 
Stream indicator species, Neodenticula seminae (Katsuki et al., 2004; Katsuki and 
Takahashi, 2005).  
 The water mass structure in the eastern BS during the glacial was 
characterized by well-developed low-temperature, low-salinity surface layer (Tanaka 
et al., 2005) and better ventilated intermediate waters, as a result of the increase in 
sea-ice formation and its melting in the southern Bering Sea (Gorbarenko, 1996; 
Keigwin, 1998; Gorbarenko et al., 2010).  
 The combination of extended sea-ice cover and cold and low-salinity surface 
water prevents a sufficient convection (Takahashi 2005), causing a low biological 
production during the last glacial (Nakatsuka et al., 1995). 
 
1.2.2.2 DEGLACIATION  
 
Reconstructions of SST, subsurface temperatures, and salinity indicate strong 
oceanographic changes in the subarctic North Pacific during the last glacial 
termination and the early Holocene (e.g. Sarnthein et al., 2004; Seki et al., 2004; 





























After the last glacial, an increase in high northern latitude insolation observed 
around 16.9 Ka (Berger, 1978) resulted in a warming of the Bering Sea. A depletion 
in δ18O at ~15 Ka observed in cores from the Bowers Ridge (Cook et al, 2005), the 
sea of Okhotsk (Keigwin, 1998) and the Emperor Seamount in the North Pacific 
(Keigwin, 1998) is attributed to surface-water freshening and warming. 
SST records show a temporal evolution similar to the millennial-scale 
temperature fluctuations recorded in Greenland ice core isotope records (Rasmussen 
Fig. 5: δ18O values from Greenland ice records (NGRIP) for the last 30 ka (after Lowe et al., 2008). 
Blue shaded areas represent cold periods (Last Glacial Maximum, LGM; Heinrich Stadial 1, HS1 and 
Younger Dryas, YD), light yellow shaded areas represent warm periods (Bølling-Allerød, B/A; Early







et al., 2006; Lowe et al., 2008) (Fig. 5) with four distinct periods: two cold events, 
i.e. the Heinrich Stadial 1 (H1) and Younger Dryas (YD), respectively, intercalated 
and followed by the two warm events, i.e. the Bølling-Allerød (B/A) and Preboreal 
(PB) (e.g. Caissie et al., 2010; Max et al., 2012) (Fig. 5). 
Melting of ice sheet during the deglaciation induced rapid sea level rise, 
causing the reopening of the Bering Strait, dated to ~11 ka (Chappell et al., 1996; 
Elias et al., 1996; Elias et al., 1997), and of the Aleutian passes allowing the inflow 
of the subarctic Pacific water into the Bering Sea. The inflow of warm Pacific water, 
associated with the maximum in Northern Hemisphere summer insolation (June – 
August) (Berger, 1978), are responsible for the in SST increase observed during the 
early Holocene between 11 and 9 ka (Caissie et al., 2010; Max et al., 2012) and 
corresponding to the Holocene Thermal Maximum (HTM).  
During the BA, the prevailing summer-like conditions and the retreat of sea 
ice to the continental shelf regions caused stronger stratification (Okazaki et al., 
2010) and enhanced phytoplankton productivity. At the onset of the Holocene, 
relatively warm and low salinity water enhanced convective mixing, supplying a 
significant amount of subsurface nutrients which increases the nutrient contents in 
the surface water (Takahashi, 2005). 
 
1.2.3 EFFECTS OF THE GLOBAL CLIMATE CHANGE 
 
Dramatic changes in the physical and biological environments of the southeastern 
Bering Sea have been observed since the last decades (e.g. Stabeno and Overland, 
2001; Overland and Stabeno, 2004; Stabeno et al., 2007). Since few decades, this 
area has undergone a warming of ~3 °C (Fig. 6A) accompanied by a dramatic shift in 
sea-ice concentration both in extent and duration (Fig. 6B and 6C), with a melting 
and retreat over the northern shelf occurring earlier in spring (Overland and Stabeno, 
2004; Grebmeier et al., 2006). The changes observed in the Bering Sea are coupled 
to the significant shifts in temperature, atmospheric processes and ice-regimes 
occurred in the Arctic over last three decades (Polyak et al., 2010). As previously 
discussed (in section 1.2.1), a sea-ice covered Arctic Ocean is a pre-requisite for the 
sea-ice formation in the Bering Sea, thus a lack of sea ice in the Arctic would reduce 







As discussed by Stabeno et al. (2007), other mechanisms induce sea-ice 
changes in the Bering Shelf environment. Firstly, the presence of warm and moist air 
masses on the shelf during winter, due to a later fall transition and/or an earlier spring 
transition may contribute to warmer ocean temperatures and directly affect the ice 
formation. Decrease of sea ice on the Bering Sea shelf can also be explained by a 
warmer ACC flowing through Unimak passes, introducing warmer water on the 
shelf, which in turn enhances the melting of sea ice. Finally, Stabeno et al. (2007) 
attributed these changes to a feedback effect: the lack of sea ice during previous 
winter induces warm-water conditions on the shelf during summer, resulting in warm 
fall temperatures which then increase the melting of the sea-ice edge and thus, sea-
ice advection on the Bering Sea shelf. 
Changes in the timing of the sea-ice retreat affect spring bloom regimes 
(Stabeno 2001, Hunt and Stabeno, 2002, Hunt et al., 2002, 2011). During years of 
Fig. 6: Selected years evolution of sea temperature and sea-ice extent and concentration in the 
southeastern Bering Sea. With (A) depth averaged spring and summer sea temperature evolution in the
southeastern Bering Sea (56.8°N, 164°W), from 1996 until 2003 (Overland and Stabeno, 2004), (B) 
Maximum ice extent during selected years (after Stabeno et al., 2007) and (C) last decades evolution of 
sea-ice concentration (% cover) over the southeastern Bering Sea shelf between latitudes 57°N and







late retreat of sea ice (after mid-March), an early sea-ice associated spring bloom 
occurs in cold water (≤ 0 °C). The phytoplankton associated with this early bloom 
sinks to the ocean floor sediment, favouring the benthic communities (Overland and 
Stabeno, 2004). However, during years of early of sea-ice retreat, phytoplankton 
bloom occurs in late spring (May-June) in warm water (≥ 3 °C) supporting the 
pelagic ecosystem (Fig. 7; Overland and Stabeno, 2004) This is in agreement with 
the decrease of the benthic communities in favour of the pelagic one observed since 
the last decades (for further details see e.g. Grebmeier et al., 2006; Hunt and Stabeno, 
2002; Hunt et al., 2002). 
1.3 OVERVIEW OF THE ORGANIC GEOCHEMICAL PROXIES 
1.3.1 SOURCES OF ORGANIC MATTERS 
Organic materials preserved in marine sediment originate from two different sources, 
i.e.  (1) terrestrially derived materials originated from land erosion including labile 
(forest, litter) and refractory material (humus, soil), and (2) marine sources due to 
phytoplankton primary production. Therefore, an increase in sedimentary organic 
matters could be caused by an enrichment of terrigenous organic carbon input from 
the land or an increase of surface-water productivity. Alternatively, it could also be 
due to a better preservation of organic materials in the marine sediments, as usually 
observed in anoxic and/or high-sedimentation-rate environment (e.g. Berger et al., 
1989; Stein, 1991). 
Fig. 7: Schematic illustration of the relationship between the timing of the retreat of sea ice in spring 
and the timing of the spring bloom favoring either benthic or pelagic communities (modified from







1.3.1.1 ORGANIC GEOCHEMICAL BULK PARAMETERS 
 
Organic geochemical bulk parameters are useful for approximating the proportion of 
terrigenous versus marine sources in the organic carbon fraction in immature 
sediments (Tissot and Welte, 1984). A first evaluation of the organic material content 
is permitted by measuring total organic carbon (TOC) contents in the marine 
sediment. However, TOC does not allow more precise determination of the organic 
material origin (i.e. marine vs. terrestrial), additional studies are required.  
 Rock-Eval Pyrolysis (after Espitalié et al., 1977) is another useful method 
for the characterization of the organic materials in marine sediments. During the 
pyrolysis, hydrocarbons (HC) and carbon dioxide (CO2) are released from the 
sediment sample.  The hydrocarbon amount, mainly deriving from lipid-rich marine 
organic matter is expressed as hydrogen indices (HI), whereas, the CO2 amount, 
referring to humic terrigenous material is expresses as oxygen indices (OI) (Tissot 
and Welte, 1984). High HI values (>300 mg/g TOC) coupled with low OI values 
(<100 mgCO2/g TOC) are characteristic of a dominance of marine organic matter, 
whereas low HI values (<100 mg mgHC/g TOC) associated with high OI values 
(<100 mgCO2/g TOC) are indicative of a dominance in terrigenous organic material 
in the marine sediment (Tissot and Welte, 1984; Killops and Killops, 2005). 
However, the Rock-Eval Pyrolysis method was originally designed for hydrocarbon 
sources rock characterization (e.g., Tissot and Welte 1984; Stein, 1991; Stein and 
Macdonald, 2004; Knies et al., 2005).  
1.3.1.2 BIOMARKERS 
 
Sedimentary organic matters contain small amount of hydrocarbon of lipid origin. A 
subset of these lipids can be used as biomarkers (Tissot and Welte, 1984, Killops and 
Killops, 2005). Diverse biomarkers, analyzed within this thesis, provide insights into 
the composition and sources of sedimentary organic matters and the depositional 
environments. Some of the biomarkers, mainly originated from phytoplankton algae 
classes of haptophyceae, bacillariophyceae, or dinophyceae, also provide essential 
information about paleo-surface water temperature reconstruction and 
paleoproductivity (e.g. Tissot and Welte, 1984; Blumer et al, 1971; Meyers, 1997; 







As previously described (in section 1.3.1.1), a qualitative estimate of the organic 
material sources can be inferred from the TOC content, HI values and C/N ratios. 
However, more detailed information can be obtained by using specific biomarkers.  
Terrestrial sources in marine sediments can be identified by using odd-
numbered long-chain n-alkanes with carbon chain lengths of C27, C29 and C31 (CH3 
(CH2)n CH3). These lipids originate from the surface protective waxes of leaves 
(Eglinton and Hamilton 1963, 1967). They can be transported over long distance, via 
differing mechanisms including eolian, fluvial and via ocean currents. Once 
deposited in the sedimentary environments they serve as an indicator of the input of 
terrestrially derived materials into the sediments (e.g. Fahl and Stein, 1997, 1999; 
Yunker et al, 2005; Ratnayake et al., 2005, Seki et al., 2006). Long-chain n-alkanes 
are highly reliable biomarkers because of their water insolubility, low volatility and 
high resistance to biodegradation (Eglinton and Eglinton, 2008).  
Reconstruction of environmental changes based on marine sediments can be 
better constrained by analyzing multiple proxies. Therefore, we also analyzed 
specific sterols to assess the sources of organic materials in the marine sediment. 
Sterols are reliable biomarkers given that they are relatively stable and have been 
found in deep geological records (Volkman, 1986). The β-sitosterol (24-ethylcholest-
5-en-3β-ol) and campesterol (24-methylcholest-5-en-3β-ol) are the principal sterols 
in higher plants on land (Huang and Meinschein, 1976; Volkman, 1986), thus can be 
used to estimate terrestrially derived organic materials in marine sediments (Yunker 
et al., 1995; Fahl and Stein, 1999; Yunker et al, 2005).  
A suite of biomarkers allows the reconstruct marine sources of organic 
materials. For example, odd-numbered short n-alkanes with a predominance of C15, 
C17 and C19 are synthesized by marine phytoplankton (Eglinton and Hamilton, 1963; 
Hinrichs et al., 1995; Yunker et al, 1995) and hence, serve as markers of marine 
primary productivity (e.g. Yunker et al., 1995; Fahl and Stein, 1999). Likewise, two 
specific sterols, namely dinosterol (4a- 23,24-trimethyl-5a-cholest-22E-en-3b-ol) and 
brassicasterol (24-methylcholesta-5,22-E-dien-3b-ol), which are synthesized by 
dinoflagellates (Boon et al., 1979) and by diatoms, respectively, are often interpreted 









1.3.2 SEA-SURFACE TEMPERATURE RECONSTRUCTION 
 
Biomarkers also enable paleo-sea-surface temperature reconstruction. In this thesis, 
sea-surface temperature (SST) was reconstructed using the most established proxy in 
paleoceanography today, i.e. the alkenone thermometry (Brassell et al., 1986; Prahl 
and Wakeham, 1987). 
This method is based on long-chain unsaturated ketones with 37-carbon 
atoms (Fig. 8), known as alkenones. The alkenones are synthesized by haptophyte 
algae, including the coccolithophores Emiliania huxleyi and Gephyrocaspa oceanica 
(Volkman et al., 1980; Marlowe et al., 1984). There are several hypotheses regarding 
the cellular function of the alkenones. It was originally considered that these 
molecules might be situated in the membranes and used for controlling the fluidity in 
the membrane (Prahl et al., 1988). However, recent studies suggest that they might be 
metabolic storage molecules (e.g. Epstein et al., 2001).  
The working principle of this paleo-SST proxy is based on the fact that the 
extent of unsaturation in alkenones (2 to 4 double bonds, Fig. 8) is strongly 
dependent on the temperature of the water in which the algae grow, with a decrease 
of unsaturation extent with temperature increase (Brassell et al., 1986; Prahl and 
Wakeham, 1987).  
The ketone unsaturation index, UK37 was first established by Brassell et al., 
(1986) in order to describe the correlation between water temperature growth and 
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However, tetra-unsaturated alkenones (C37:4), being rarely present in marine 
sediments was removed from the initial equation, resulting in a simplified version of 
the index, i.e. UK´37 (Prahl and Wakeham, 1987), which is used in most of the 













Different UK´37-temperature calibrations were proposed to establish the most suitable 
relationship between UK’37 and temperature. The most commonly used calibration 
was proposed by Prahl et al. (1988) and confirmed by the global core top calibration 
by Müller et al. (1998) (UK’37= 0.033T + 0.044). Müller et al. (1998) established a 
similar calibration from core top sediments recovered between 60°N and 60°S in the 
Atlantic, Indian and Pacific Ocean. The calibration is applicable to a temperature 
range of 0 to 29°C, with an error of ca. ± 1.4°C (Herbert, 2003). However, there is a 
larger scatter, hence a larger error, at the low and the high temperature ends of the 
calibration. Therefore, in higher latitudes, a regional calibration might be more 
suitable for SST reconstruction, such as the one established by Sikes et al. (1997) 
(UK´37= 0.038T – 0.082) using sediments in the Southern Ocean.  
 
1.3.3 SEA-ICE RECONSTRUCTION 
 
In this study, a new sea-ice proxy known as IP25 (Ice Proxy 25), first presented by 
Belt et al. (2007), was used to reconstruct paleo sea-ice extent. IP25 is a highly 
branched, monounsaturated (with only one double bond) isoprenoid (HBIs) with 25 
carbon atoms and one double bond at the C23-C24 carbon atoms (Fig. 9).  
 
Fig. 8: Molecular structure of C37 alkenones with 2 and 3 double bonds used in the alkenone
unsaturation index (Uk’37). 














HBIs are ubiquitous in marine sediments but generally occur with two or more double 
bonds within their molecule structure (Belt et al., 2000; Rowland and Robson, 1990).  
In culture experiments, Rowland et al., (2001) demonstrated that number of double 
bonds within HBIs produced by the diatom Haslea ostrearia decreases with 
decreasing algal growth temperature, thus, signifying that the degree of unsaturation 
seems to be temperature dependent (Rowland et al., 2001). Hence, Belt et al. (2007) 
suggested that the IP25 monoene might be synthesized by sea-ice diatoms and , upon 
ice melt, deposited into underlying sediments. Although more work is needed to 
further constrain the IP25-producers, Hasles spp. and/or Navicula spp., two species 
known to produce C25 HBIs in cultures and have been found in sea-ice samples 
containing IP25 (Belt et al., 2007; Brown et al., 2011), are believed to be the main 
contributors of sedimentary IP25. 
 However, despite the presence of HBIs in sediments from Antarctica (Massé 
et al., 2011), IP25 was never found in Antarctic diatoms or sediments. Although the 
reason for this absence is still uncertain, this is likely due to different diatom species 
living in the Arctic and Antarctica (Massé et al., 2011; Belt and Müller, 2013). 
 Since the discovery of IP25, several subsequent studies using IP25 as a proxy 
for sea-ice reconstructions in the Arctic and its marginal seas covering different 
periods and temporal resolutions have been reported (Fig. 10). For instance, IP25 was 
used to reconstruct the sea-ice coverage in the Fram Strait/Yermak Plateau (Müller et 
al., 2009, 2011, 2012; Stein and Fahl, 2012; Stein et al., 2012), on the Lomonosov 
Ridge and the continental slope of the Laptev Sea (Fahl and Stein, 2012; Xiao et al., 
2013), the North Iceland Shelf (Massé et al., 2008; Andrews et al., 2009), the 
Canadian Arctic Archipelago (Vare et al., 2009; Belt et al., 2010; Brown et al., 








 The post depositional preservation of the HBIs in the sediments has also been 
studied. It has been shown that HBIs monoene (including IP25) are relatively stable 
and resistant against physical and chemical alteration, such as photo-oxidation 
(Rontani et al., 2011), isomerization (Robson and Rowland, 1988) and 
biodegradation. Stability of IP25 is also confirmed by its presence in 2 Ma year old 
sediments from ODP core 912 site in the Fram Strait (Stein and Fahl, 2013). 
A study by Müller et al. (2011) proposed to improve IP25 reliability by 
coupling IP25 to phytoplankton markers to circumvent the issue of the ambiguity of 
the absence of IP25 as pointed out by Belt et al. (2007). Belt et al (2007) posited that 
the absence of IP25 might indicate either the absence of sea ice, or the opposite 
scenario, i.e. a permanent and thick sea ice that prevents light penetration and thus, 
phytoplankton growth. In order to distinguish between these two scenarios, Müller et 
al. (2009) associated IP25 with phytoplankton derived biomarkers (mainly 
Fig. 10: IP25 studies location in Arctic and subarctic sediments. Red dots and triangles represent core 
sites of palaeo (downcore) and sediment trap material studies, respectively. Coloured boxes refer to








brassicasterol and dinosterol) indicators of primary production. They have shown 
that when IP25 is absent, lack or low abundance of phytoplankton biomarkers 
reflected permanent sea-ice coverage, whereas elevated phytoplankton markers 
reflected ice-free conditions.
This combination of IP25 and phytoplankton biomarkers was used by Müller 
et al. (2011) in order to establish a new index, i.e. the phytoplankton IP25 Index 
(PIP25) allowing an approximate assessment of the spatial and temporal extent of sea-
ice cover. 
PIP25=IP25/(IP25+(phytoplankton marker × c) 
With c= mean IP25 concentration / mean phytoplankton biomarker concentration 
(Müller et al., 2011) (Fig. 11). 
 
 
High PIP25 values indicate a lasting sea-ice cover throughout spring and summer 
seasons, whereas values close to zero refer to dominantly ice-free conditions 
throughout the year. Intermediate PIP25 reflect high IP25 and phytoplankton values, 
indicator of stable ice-edge conditions (Fig. 11 and 12). 
 Supplementary indices have been added in order to specified which 
phytoplankton markers were used, for example PBIP25 and PDIP25 when using 
brassicasterol and dinosterol, respectively. 
 
 
Fig. 11: IP25 versus phytoplankton markers, brassicasterol and dinosterol concentrations (in μg/gOC) 
and corresponding PBIP25 and PDIP25 indices calculated for sediments from the study area by means of 
respective equations (upper right corner within each panel). The light-green to blue shaded background
fields and snow symbols indicate the transition from minimum to maximum sea ice coverage. Note








However, when interpreting PIP25 index values in term of sea-ice conditions 
individual biomarker concentrations has to be considered in order to avoid misleading 
interpretations. For instance, same PIP25 value would be calculated with coevally high 
amounts of both biomarkers (suggesting ice-edge conditions) as well as coevally low 
contents (suggesting permanent like ice conditions). A correlation between IP25 and 
phytoplankton biomarkers (brassicasterol and dinosterol) concentrations allows 
distinction between different zones of sea-ice conditions with corresponding PBIP25 




Fig. 12: Schematic illustration of distinct sea surface conditions and respective spring/summer ice
algae and phytoplankton productivities. For each individual sea surface conditions, sedimentary 








2. MATERIAL AND METHODS 
2.1 SAMPLING PROCEDURE 
 
Sediment samples from the subarctic North Pacific and the Bering Sea retrieved 
using three different coring devices were analyzed within the framework of this 
thesis. Firstly, surface sediment samples (0-1 cm) were collected with a multicorer 
during the INOPEX RV Sonne Expedition 202 in 2009 (Gersonde, 2012; Fig 1). 
Secondly, downcore reconstruction was performed on three long sediment cores 
from the western Bering Sea, and the continental slope of east Kamchatka (SO201-2-
12KL, SO201-2-77KL and SO201-2-114KL), collected by means of a piston corer 
during the SO201- KALMAR (Leg 2) R/V Sonne cruise in 2009 (Dullo et al., 2009) 
(Fig. 1). Finally, three “kastenlot” cores, recovered during the INOPEX RV Sonne 
Expedition 202 in 2009 (SO202-07-6, SO202-18-6, SO202-27-6 from the Detroit 
Seamount in the northwestern Pacific Ocean, the Bering Sea continental slope and 
the Patton Seamounts in the northeastern Pacific Ocean, respectively) were studied 
(Fig. 1). 
All samples were stored in glass bottles at -30 °C, freeze-dried and homogenized 
until further treatment. The same exact same samples were used for bulk parameters 
and multi-proxy analyses (Fig. 13). 
Fig.13: Summary scheme of organic geochemical methods used within the thesis and main derived 
(paleo)environmental information.  
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2.2 ORGANIC GEOCHEMICAL BULK PROXY MEASUREMENTS 
 
The TOC content, displayed in weight percentage (wt. %), was measured by means 
of a LECO CS-125 elemental analyzer. For this purpose, 40 to 50 mg of sediment 
was deposited in a ceramic crucible and clear from its carbonate contents by 
hydrochloric acid before combustion.  
The rock Eval pyrolysis, allowing the determination of the hydrogen index 
(HI in mg hydrocarbon/g TOC (mg HC/g TOC)), was performed by a VINCI Rock-
Eval 6 Classic S3 and followed method described by Espitalié et al. (1977). The 
pyrolysis occurred in three steps. The general volatiles were measured first as S1 
(hydrocarbon volatilized at moderate temperature), then S2 (hydrocarbon and 
hydrocarbon-like compounds volatilized at higher temperature) and finally S3 
(carbon dioxide). S1 and S2 were both measured in mg HC/g sediment; while S3 was 
measured in mg CO2/g sediment. The hydrogen index was calculated as HI=(S1+S2) 
x100)/TOC, in mg HC/g TOC (Espitalié et al., 1977). 
 
2.3 BIOMARKERS ANALYSIS 
 
For the quantification of lipid biomarkers, internal standards were added to 1 to 5g of 
homogenized sediments before extraction: squalane (0.48 μg/sample), 7-
hexylnonadecane (0.0766 μg/sample), and cholesterol-d6 (2H6-cholesterol-5-en-3β-ol; 
2.2 μg/sample) (Fig. 14). The extraction of organic compounds in the sediments was 
carried out with an Accelerator Solvent Extractor (DIONEX-ASE 200; 100 °C, 5 
min, 1000 psi) using a dichloromethane/methanol mixture (2:1, v/v). 
IP25, n-alkanes, alkenones and sterols, present in the resultant total extract, 
were separated from each other via column chromatography (SiO2) (Fig. 14). The 
first fraction, containing IP25 and n-alkanes, was obtained using n-hexane (5 ml) as 
the eluent. A supplementary fractionation step using dichloromethane/n-hexane 
mixture (1:1 v/v, 5 ml) was necessary to separate unknown compounds co-eluting 
with the alkenones. Alkenones and sterols were separated from the other fractions 
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using dichloromethane (5 ml) and ethylacetate/n-hexane mixture (20:80 v/v; 5 ml) as 
the eluents, respectively (Fig. 14). 
Only the last fraction, containing the sterols, was esterified with 1 ml 3 N 
methanolic hydrochloric acid (12 hrs, 50°C) to facilitate the fatty acid separation. 
The sterols, present in the derivatized extract, were removed by adding three times 
1ml of n-hexane. Each time, the upper n-hexane phase was collected and dried over 
sodium sulfate. Finally, the sterols were silylated with 500 μl BSTFA (bis-
trimethylsilyl-trifluoroacetamide) (60 °C, 2 h) (Fig. 14).  
 
Fig. 14: Summary scheme of the method used for biomarkers analysis.  
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IP25 and sterols fractions were analyzed in full scan mode using gas chromatography-
mass spectrometry (GC-MS), with an Agilent 6850 (30 m HP-5MS column, 0.25 mm 
i.d.; 0.25 μm film thickness) coupled to an Agilent 5975C VL mass selective detector 
(MSD, 70eV constant ionization potential, Scan50–550 m/z, 1 scan/s, ion source 
temperature 230°C).  
GC analyses were performed using different temperature programs for these 
two fractions. For IP25 analyses, the oven was heated from 60°C (3min) to 150°C 
(rate: 15 °C/min) until 320°C (rate: 10°C/min) maintain for 15 min; for sterols 
analyses, it was heated from 60°C (2min) to 150°C (rate: 15°C/min) until 320°C 
(rate: 3°C/min), held 20 min. The injection volume was 1 μl (splitless). Helium was 
used as the carrier gas (constant flow). Moreover, as IP25 often occurs at very low 
concentration, this fraction was also analyzed in selected ion monitoring (SIM) mode 
(m/z 350, 266) to enable trace compound detection.  
The n-alkanes and alkenones fractions were analyzed with a Hewlett Packard gas 
chromatograph (GC), HP 5890 (column 30 m ??0.25mm; 0.25 μm film thickness) 
using the two following temperature programs: 60°C (1min) to 150°C (rate 
10°C/min), until to 300°C (rate 4°C/min), for n-alkanes and 60°C (1min) to 270°C 
(rate 20°C/min), until to 320°C (rate 1°C/min), held 20 min., for alkenones. The 
injection volume was 1 μl (splitless) and constant flow of helium was used as the 
carrier gas. 
Identification of individual biomarker was achieved by comparison of the 
compound retention time with that of its specific internal standard. For IP25 and 
sterols, assignment was also achieved by comparison of their spectra with published 
data (Belt et al., 2007; Volkman, 1986). 
Biomarker quantification is based on the assumption that the responses of 
each component and its specific internal standard ion are similar. Based on this 
assumption, biomarker concentrations were calculated by comparison of their ion 
responses with those of their respective standard. 
Brassicasterol and dinosterol concentrations were calculated using their 
specific molecular ions m/z 470 and m/z 500, respectively, in relation with the 
individual fragment ion m/z 464 of their internal standard cholesterol-d6. Specific 
molecular ions m/z 350 (Fig. 9) allowed the quantification of IP25 by comparison 
with m/z 266 of 7-hexylnonadecane as internal standard.  
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In this thesis, sample collected during SO201- KALMAR (Leg 2) R/V Sonne 
cruise were analyzed for their hydrocarbon fraction. The sample preparation was 
achieved by Max et al. (2012), who mainly focused on the alkenone fraction, 
therefore the hydrocarbon fraction was still available for our studies. However, as 
IP25 measurement was not part of Max et al. (2012)’s study, 7-HND was not added to 
the sediment sample prior to the extraction. Therefore IP25 concentrations in these 
samples were estimated by comparing the molecular ion m/z 350 of IP25 with the 
fragment ion m/z 99 of C36.  
In a recent study, a multi-laboratory investigation has been carried out by Belt 
et al. (2014) in order to propose a standardized approach for identification and 
quantification of IP25 proxy in marine sediments. Among other outcomes of this 
study, one of the main recommendation is to use a reference sediment material with 
known concentration(s) of IP25 in order to determined and monitored instrumental 
response factors (Belt et al., 2014). 
 In order to compensate for variations in sedimentation rate, absolute 
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Abstract 
In order to study the modern sea-surface characteristics of the sub-polar North Pacific 
and the Bering Sea, i.e., sea-surface temperature (SST) and sea-ice cover, surface 
sediments recovered during the RV Sonne Expedition 202 in 2009, have been 
analysed. To distinguish between marine and terrestrial organic carbon, hydrogen 
index values, long-chain n-alkanes and specific sterols have been determined. The 
results show that in the Bering Sea, especially on the Bering Sea slope, the organic 
carbon source is mainly of marine origin, caused by high primary production. In the 
North Pacific, on the other hand, the organic material originates predominantly from 
terrestrial higher plants, probably related to dust input from Asia. SST has been 
reconstructed using the modified alkenone unsaturation index. Calibration from 
Müller et al. (1998) offers the most reliable estimate of mean annual temperature in 
the central North Pacific but does not correlate with mean annual temperature 
throughout the study area. In the eastern North Pacific and the Bering Sea, the Sikes 
et al. (1997) calibration seems to be more accurate and matches the summer SSTs. 
The distribution of the novel sea-ice proxy IP25 (highly branched C25 isoprenoid 
alkene) in surface sediments is in accordance with the modern spring sea-ice edge and 














 The Bering Sea, a semi-enclosed sea between the Arctic and the North 
Pacific oceans, is one of the most productive ecosystems, representing 1.5% of the 
total primary productivity in the oceans (Tsyban, 1999). Recent climate change has a 
strong impact on the ecosystem of this area and, since the mid-1970s, important 
changes in the abundance of phytoplankton, zooplankton and fish were observed 
(Hunt et al., 2002). Furthermore, the most drastic future temperature changes are 
expected at high latitudes such as the Bering Sea. Over the last few decades, sea-
surface temperatures (SSTs) increased by about 3 °C in the Bering Sea (Stabeno et 
al., 2007, 2010).  
 Sea ice with its strong seasonal variability is a critical component of the 
Bering Sea system and is extremely sensitive to changes in weather and climate 
factors (Overland, 1981). In November, the ice spreads through the Bering Strait and 
reaches its maximum extent in early spring (March-April), a southernmost extent at 
54.5°N in years characterized by high ice extent (Stabeno et al., 2007). Between July 
and September, the Bering Sea is ice-free (Niebauer, 1980, 1983). Over the last 30 
years, the sea-ice cover has been decreasing in terms of concentration and duration, 
and a significant extension of the ice-free season has been observed (Stabeno et al., 
2007; Danielson et al., 2011).  
 The surface-water circulation in the western North Pacific is dominated by 
the Kuroshio Current (KC), which flows along the Japanese coast. Entering the 
central North Pacific the KC is renamed as the Kuroshio Extension (KuE). Flowing 
eastward, this current becomes wider and forms the North Pacific Current (NPC) 
around 171°E (Fig. 15; Qiu, 2000). Two currents originating from the NPC 
dominate the circulation in the Gulf of Alaska; the Alaskan Current (AC) and the 
Alaskan Coastal Current (ACC) (Stabeno et al., 2004).  These two currents, flowing 
through the Aleutian passes, form the cyclonic circulation found in the Bering Sea. 
In the eastern Bering Sea basin, the two principal currents are the Aleutian North 
Slope Current (ANSC) (Stabeno and Reed, 1994) which flows eastward along the 
north side of the Aleutian Islands, and the Bering Slope Current (BSC) (Schumacher 





and flows northward along the continental slope (Fig. 15). Two currents leave the 
Bering Sea through the Bering Strait, the West Alaska Current (WAC) originated 
from the ACC, and the Anadyr Current, a northern branch originated from the BSC. 
The Kamchatka Current (KC) is the second branch originated from the division of 
the BSC, flowing southward along the Siberia - Kamchatka Peninsula coast and then 




 In this study, we report results of the analyses of surface sediment samples 
(0-1 cm) from the sub-polar North Pacific and Bering Sea. The main objectives were 
Fig. 15: Map showing the cruise track and location of sampling sites (black dots) of the INOPEX 
RV Sonne Expedition SO202 (Gersonde, 2012) and oceanographic setting in the North Pacific and
Bering Sea. Oceanic surface currents (arrows) and the typical spring and fall ice extent boundaries
are indicated (after Danielson et al., 2011).  The positions of the main path of the westerly jet stream







to (i) determine the organic carbon distribution and to distinguish between 
terrigenous and marine sources, (ii) reconstruct the sea-surface temperature (SST) 
and (iii) reconstruct modern sea-ice distribution from proxy data. Furthermore, the 
data will be useful for a better interpretation of data from sediment cores 
representing past climate change in the area. 
3.2 BIOMARKERS AS PROXIES FOR ENVIRONMENTAL RECONSTRUCTIONS 
 
 In order to interpret the organic matter (OM) in terms of environmental 
conditions information on both the OM quantity and quality is needed. In this 
context, the distinction between marine and terrigenous OM sources is of overall 
interest. This goal can be reached by studying different organic geochemical 
proxies, such as total organic carbon (TOC) content, hydrogen index (HI) values and 
C/N ratios (e.g., Tissot and Welte, 1984; Birgel et al., 2004; Stein and Macdonald, 
2004; Stein, 2008 and references therein). More precise information about OM 
sources can be obtained by using specific biomarkers. To identify marine sources, 
dinosterol (4α-23,24-trimethyl-5α-cholest-22E-en-3β-ol) synthesized by 
dinoflagellates (Boon et al., 1979) and a diatom (Volkman et al., 2006), and 
brassicasterol (and/or epi-brassicasterol depending on the stereochemistry at C-24; 
24-methylcholesta-5,22-E-dien-3β-ol) synthesized by diatoms and haptophytes 
(Volkman et al., 2006), are often applied as proxies. On the other hand, β-sitosterol 
(24-ethylcholest-5-en-3β-ol) and campesterol (24-methylcholest-5-en-3β-ol), are 
typical sterols of terrestrial higher plant origin (Huang and Meinschein, 1976; 
Volkman, 1986). Together with odd-numbered long-chain n-alkanes, derived from 
higher plant leaf waxes (Eglinton and Hamilton, 1963, 1967), we used these 
biomarkers to reconstruct the terrestrial input.   
 Sea-surface temperature (SST) can be estimated from specific long-chain 
alkenones mainly synthesized by haptophyte algae, i.e., coccolithophores such as 
Emiliania huxleyi and Gephyrocapsa oceanica (Volkman et al., 1980; Marlowe et 
al., 1984). In this approach, the modified alkenone unsaturation index  is used 
(Brassell et al., 1986).  (Prahl and Wakeham, 1987) corresponds to the relative 













calibration of  versus SST was initially derived from phytoplankton cultures 
(Prahl et al., 1988). The most commonly used calibration (Müller et al., 1998) is 
derived from data determined in core-top sediments from the global ocean 
between 60°S and 60°N. 
Reconstruction of sea-ice conditions is often based on sea ice-associated 
organisms such as diatoms (e.g. Katsuki and Takahashi, 2005) and dinocysts (e.g. 
Bonnet et al., 2012). Very recently, a novel biomarker proxy, IP25, was developed 
for reconstruction of sea-ice cover (Belt et al., 2007). It is based on a 
monounsaturated highly-branched isoprenoid (HBI) lipid produced by sea-ice 
diatoms during the spring bloom period and recovered in the underlying sediment 
after ice melting (Belt et al., 2010). When using IP25 as sea-ice proxy one has to 
consider that its absence may refer to either a lack of sea ice or, in contrast, a 
permanent and thick ice cover limiting any algal growth. In this context, the 
combination of IP25 with a phytoplankton marker proves highly valuable to properly 
interpret the sea-ice proxy signal (Müller et al., 2009, 2011, 2012). Meanwhile, the 
IP25 approach has been used successfully for reconstructing paleo-sea ice 
distributions from marine sediment cores recovered in the Fram Strait/Yermak 
Plateau (Müller et al., 2009, 2011, 2012; Stein and Fahl, 2012), North Iceland Shelf 
(Massé et al., 2008; Andrews et al., 2009), Canadian Arctic Archipelago (Vare et al., 
2009; Belt et al., 2010; Brown et al., 2010) and Lomonosov Ridge/central Arctic 
Ocean areas (Fahl and Stein, 2012; Stein et al., 2012).  
 
3.3 MATERIAL AND METHODS 
 
 Surface sediment samples were collected during the INOPEX RV Sonne 
Expedition 202 in 2009 using a multicorer (Gersonde, 2012; Fig. 15). The short 
cores were sampled in 1 cm sections, and the upper part (0-1 cm) was used for bulk-
parameter and biomarker analyses. All samples were stored at -30 °C in glass bottles 
until further processing. For bulk analysis the sediment was freeze-dried and 
homogenised. The TOC content was measured by means of a LECO CS-125 
elemental analyser. The hydrogen index (HI in mg HC/g TOC) was determined by 













data derived from organic-carbon-poor (TOC <0.5%) sediment samples, HI values 
should be interpreted with caution. For lipid analysis, 1 to 5 g of freeze-dried and 
homogenised sediments were extracted using an Accelerator Solvent Extractor 
(DIONEX-ASE 200; 100 °C, 5 min, 1000 psi) using CH2Cl2/MeOH (2:1, v/v). For 
quantification, the following internal standards were added before any analytical 
step: squalane (0.48 μg/sample), 7-hexylnonadecane (0.0766 μg/sample), and 
cholesterol-d6 (2H6-cholesterol-5-en-3β-ol; 2.2 μg/sample). An aliquot of the total 
extract was used for analysing n-alkanes, IP25, alkenones and sterols. 
 The n-alkanes and IP25 were separated from the other fractions via column 
chromatography (SiO2) using n-hexane (5 ml) as eluent. Due to coelution with 
unknown compounds, an additional fractionation step using CH2Cl2/hexane (1:1 v/v, 
5 ml) was required. The alkenones were separated from the other fractions using 
CH2Cl2 (5 ml) as eluent. After extraction with EtOAc/hexane (5 ml, 20:80 v/v), the 
sterols were silylated with 500 μl BSTFA (bis-trimethylsilyl-trifluoroacetamide) (60 
°C, 2 h).  
 IP25 and sterols were analysed using gas chromatography-mass spectrometry 
(GC-MS; Agilent 6850; 30 m HP-5ms column, 0.25 mm i.d., 0.25 μm film 
thickness; coupled to an Agilent 5975C VL mass selective detector). For further 
details see Müller et al. (2011) and Fahl and Stein (2012). The n-alkanes and 
alkenones were analysed using GC (HP6890) as described by Fahl and Stein (1997). 
Assignment was achieved from GC retention time and quantification by means of 
the internal standards. In order to compensate for variations in sedimentation rate, 
absolute biomarker concentrations were normalized to TOC. 
 
3.4 RESULTS AND DISCUSSION 
3.4.1 ORGANIC MATTER SOURCES 
 
 TOC content, HI values and biomarker concentrations were used to 
distinguish between marine and terrigenous sources of OM and to interpret the data 
in relation to primary productivity and terrigenous input, respectively (Fahl and 
Stein, 1997, 1999; Schubert and Stein, 1997; Sicre et al., 2000; Amo and Minagawa, 






The TOC content of surface sediment samples varies between 0.18 and 
1.51wt.% (Appendix A, Table A1; Fig. 16a). The highest values are restricted to the 
westernmost part of the North Pacific and to the continental slope of the Bering Sea. 
In order to obtain preliminary information about the origin of the OM, i.e. the 
terrigenous vs. marine proportion, the hydrogen index was determined. The HI 
values, ranging between 92 and 235 mg HC/g C (Appendix A, Table A1 and Fig. 
A1), already point to different OC sources. At the Bering Sea slope, high TOC 
values correlate with high HI values (>200 mg HC/g C), suggesting a marine source 
Fig. 16: Total organic carbon (TOC) in wt.% (a), concentration of the phytoplankton-
derived biomarker brassicasterol in µg/g OC (b) and the terrigenous biomarkers long
chain n-alkanes in µg/g OC (c), determined in surface sediments from the North Pacific





of the OM. The marine origin is also supported by biomarker data. The 
concentrations of brassicasterol and dinosterol, both indicative for marine 
phytoplankton (Boon et al, 1979; Nichols et al., 1984; Volkman et al., 2006), vary 
between 6.7-281 µg/g TOC and 1.7-109 µg/g TOC, respectively, with the maximum 
concentrations of these sterols occurring along the Bering Sea slope (Appendix A, 
Table A1, Fig. 16b).  The good to fair correlation between brassicasterol and 
dinosterol (r2=0.69) (Fig. 17a) and between brassicasterol and HI values (r2=0.42) 
(Fig. 17b), underline the dominance of marine-derived OM in this area.  
Fig. 17: (a) Correlation between concentrations of phytoplankton-derived biomarkers brassicasterol
vs. dinosterol in µg/g OC, and (b) hydrogen index (HI) in mg/g OC vs. brassicasterol in µg/g OC in








 The data are in agreement with the Bering Sea “Green Belt”, a region of 
enhanced nutrient supply to the shelf edge euphotic zone introduced via physical 
processes, such as intensive tidal mixing, transverse circulation and eddies in the 
Bering Slope Current (Springer et al., 1996). Due to these processes, it is the most 
productive area in the Bering Sea. This high productivity realm is also reflected in 
elevated sea-surface chlorophyll a concentrations, determined from satellite ocean 
colour observations (e.g. Mizobata et al., 2002; Mizobata and Saithoh, 2004; 
Okkonen et al., 2004; Iida and Saitoh, 2007). Based on chlorophyll a data, the 
Bering Sea can be divided into two regions. The shelf region (including the shelf 
break) is characterised by a large phytoplankton bloom in May and high chlorophyll 
a concentration (>2 mg/m-3) during summer, while the basin area is characterised by 
a low concentration (<1 mg/m-3) throughout the year (Iida and Saitoh, 2007). 
Furthermore, the enrichment in marine OM may also be related to increased primary 
productivity along the ice-edge, as described for the Laptev Sea (Fahl and Stein, 
1997; Boetius and Damm, 1998).  
 In the Bering Sea, a similar intense and short-lived phytoplankton bloom 
occurs at the marginal ice zone in spring when the sea-ice retreats (Niebauer et al., 
1990, 1995), leading to an enrichment in marine OM. 
For the central North Pacific, low HI values (<150 mg HC/g C; Appendix A, 
Table A1) point to a predominance of terrigenous OM input. This interpretation is 
supported by the distribution of odd-numbered long-chain n-alkanes (C27, C29 and 
C31), a reliable proxy for the input from higher plants (e.g. Yunker et al., 1995; Fahl 
and Stein, 1997). The concentrations of these long-chain n-alkanes vary between 
32.4 and 355 µg/g TOC with higher values occurring in the eastern and central 
North Pacific (Appendix A, Table A1; Fig. 16c). In addition, specific sterols, i.e., 
campesterol and ß-sitosterol, both often used as proxies for terrestrial OM (Huang 
and Meinschein, 1976; Volkman, 1986), were also measured. The summed 
concentrations of these two sterols generally vary between 40 and 400 µg/g TOC, 
with higher values in the Bering Sea and eastern North Pacific (Appendix A, Table 
A1). In our samples, however, these sterols do not show any (negative or positive) 
correlation with the HI values (r2 = 0.11) and the long-chain n-alkanes (r2 = 0.003), 
respectively. Thus, here the sterols seem to provide ambiguous evidence for 







Two different transport processes may be responsible for the presence of 
terrestrial OM in the open ocean, far away from coastal zones more influenced by 
direct riverine input (cf., Stein and Macdonald, 2004): (i) wind transport and (ii) 
ocean current transport. The wind-transported mineral fraction is certainly an 
important source of sediments in the central North Pacific. Kawahata et al. (2000) 
analysed sediments from a site close to our study area, i.e., core H3571 from the 
Hess Rise (34° 54.25´N and 179° 42.18´E), and identified eolian quartz grains. The 
sources of mineral dust on the Asian continent are widespread and include the Gobi 
and the Takla Makan deserts and the immense loess deposits in China (Prospero et 
al., 1989). Our sampling site in the North Pacific, characterized by the low hydrogen 
index values, is located below the Northern Hemisphere westerly winds, the main 
pathway for dust input from Asia (Fig. 15). This atmospheric transport is 
responsible for > 6-12 x 106 tonnes of annual dust deposition over the North Pacific 
(Uematsu et al., 1983) and is probably also responsible for the high terrestrial OM 
content of the surface sediments. In addition, ocean currents may also play an 
important role in the transportation of the OM. Kawahata et al. (2002) showed that 
pollen and spores, both terrigenous sources of OM and found in core H3571 on Hess 
Rise, originated from the Asian continent and from Japan, and transported by the 
Kuroshio Current and Kuroshio Extension between 42° and 30°N.  
  
3.4.2 SEA-SURFACE TEMPERATURE  
 
Alkenone-based SSTs were determined in all surface sediment samples. 
was converted to SST according to the Müller et al. (1998) calibration ( = 
0.033T + 0.044). This calibration was established using data from core-top 
sediments between 60°S and 60°N in the Atlantic, Indian and Pacific oceans and is 
applicable to a temperature range from 0 to 29 °C, with an error of ca. ± 1.4 °C 
(Herbert, 2003). The -based SST values vary between 5.1 and 18.5 °C (Appendix 
A, Table A2) and decrease northwards, following an expected latitudinal trend (Fig. 
18a). Based on the correlation between the in surface sediments and mean annual 
SST values extracted from World Ocean Atlas 2001 (WOA01), four regions were 






















For the central North Pacific, the WOA01 mean annual SST shows the best 
agreement with the -based SSTs whereas the rest of the data set significantly 
diverges from the mean annual SST (Fig. 18b). In order to emphasize this 
observation, residuals have been calculated (Appendix A, Table A2; Fig. 18c) by 
subtracting the WOA01 SST from the respective -based SST. The mean residual 
for all data points is about +2°C, indicating an overestimation of the mean annual SST 
by the Müller et al. (1998) calibration. The residuals show, however, significant 
differences for the different regions. In the central North Pacific characterized by SST 
>12°C, the residuals display relatively low values with an average deviation of 







Fig. 18: (a) -based SST calculated using the calibration of Müller et al. (1998), (b) -
based SST vs mean annual SST extracted from the World Ocean Atlas 2001
(http://www.nodc.noaa.gov/OC5/WOA01/woa01dat.html), and (c) “residuals” calculated as 
difference between -based SST and measured WOA01 SST vs. WOA01 SST. Black dots







lower SST of 4 to 9°C, the residuals show that the -based SST significantly 
overestimate the WOA01 mean annual SST with an average deviation of +3.9°C in 
the Western North Pacific, +1.9°C in the Bering Sea, and +2°C in the eastern North 
Pacific (Appendix A, Table A2; Fig. 18c).  
These observations indicate that the calibration from Müller et al., (1998) offer 
acceptable SST estimates in the central North Pacific but may be not suitable for the 
colder-water areas as it overestimates the mean annual SST. As suggested by Herbert 
(2003) the deviation should not be quantitatively interpreted for values <0.2 and 
>0.96 which, in terms of temperature, corresponds to 5 °C and 27 °C, respectively 
(according to Müller et al., 1998).  
Therefore, we also used the Sikes et al. (1997) calibration developed for cold-
water regions. That means, was converted to SST using Sikes et al. (1997)’s 
calibration = 0.038T – 0.082, obtained from core top sediments underlying 
Southern Ocean waters with summer temperature greater than 4 °C. Using this 
equation, the -based SST values range from 8.5 to 21.6 °C with a decreasing 
latitudinal trend towards the north (Fig. 19a; Appendix A, Table A2). 
Using the Sikes et al. (1997) calibration, Western and Eastern North Pacific as 
well as the Bering Sea data seem to correlate with the WOA01 summer SST quite 
well (Fig. 19b). Model residuals provide further evidence with a standard deviation of 
the -based SST relative to WOA01 summer SST averaging 0.71 °C in the Bering 
Sea and 0°C in the Eastern North Pacific  (Appendix A, Table A2, Fig. 19c). 
However, the deviation is +1.58 °C in the Western North Pacific, suggesting that 
Sikes et al. (1997) calibration overestimates the summer SST whereas in the central 
North Pacific, this calibration underestimates the SST, as shown by the very negative 
residuals averaging -2.8 °C (Appendix A, Table A2, Fig. 19c).  
According to Sikes et al. (2005), the alkenone-based SST reproduces the SST 
values when alkenone flux is high, i.e., during the bloom of haptophyte algae. Our 
results assume that the alkenones were probably synthesized during different periods 
in different areas. In the Bering Sea, the alkenone producers seem to grow during a 
limited period, probably summer, when most favourable conditions occur for a E. 























warming, low salinity, and high light conditions; Iida et al., 2012). In the eastern 
Bering Sea, E. huxleyi blooms show interannual and seasonal variability (Iida et al., 
2012) but within the last few decades, massive blooms occur in June and/or in 
September. Little is known about blooms in the westerrn North Pacific, but all the 
favourable bloom conditions are observed in summer in the area (Stabeno et al., 2004) 
and control the phytoplankton community bloom, including most probably the E. 
huxleyi bloom (Prahl et al., 2010).  In the central North Pacific, the phytoplankton 
bloom, including coccolithophores, was probably spread over a longer period, which 
would explain why the Müller et al. (1998) calibration offers a better estimate of 







Fig. 19: (a) -based SST calculated using the calibration of Sikes et al. (1997), (b) -
based SST vs. mean annual SST extracted from the World Ocean Atlas 2001
(http://www.nodc.noaa.gov/OC5/WOA01/woa01dat.html), and (c) “residuals” calculated as 
difference between -based SST and measured WOA01 SST vs. WOA01 SST. Black dots







In general, our results are in line with several previous studies on alkenone-
based SST reconstructions. Sikes et al. (1997) showed that the -based SST of the 
water column and surface sediments from the Southern Ocean reflect the SST of 
times characterized by maximum productivity and thus flux of biomarkers to the 
sediment, i.e., during spring-summer being accompanied by the phytoplankton 
blooms. Harada et al. (2003) published similar conclusions for the eastern Bering Sea. 
The calculated SST from the surface sediments corresponds to the September SST, 
and this period was proposed to be the most productive time interval for the alkenone-
synthesising organisms in the area. Finally, these results are also supported by the 
studies by Prahl et al. (2010) to explain warmer estimated SST vs. measured mean 
annual SST for surface sediments from southeast Alaska, the North Atlantic and along 
the Southern Chilean margin.  
 
3.4.3 SEA-ICE DISTRIBUTION 
 
 The distribution of the sea-ice biomarker IP25 in the Bering Sea and the North 
Pacific (Fig. 20b) is compared with the maximum (March) sea-ice distribution 
pattern (Fig. 20a). Low IP25 concentrations (0.08 to 0.57 µg/g TOC) were found in 
three sediment samples from the northern Bering Sea, northwards of the 20% sea-ice 
extension in March (Fig. 20a). The occurrence of IP25 in these samples is indicative 
for the presence of sea ice at the Bering Sea shelf break. The accompanying growth 
of phytoplankton is reflected in the relatively high concentrations of phytoplankton-
derived brassicasterol and dinosterol (12-281 µg/g TOC and 5-109 µg/g TOC, 
respectively) in these samples. The co-occurrence of IP25 concentration and 
phytoplankton-derived biomarkers suggest a seasonal (spring) sea-ice cover at the 
Bering Sea shelf break (cf. Müller et al., 2009, 2011).  
 IP25 was absent in all the other samples from the Bering Sea and North Pacific 
whereas the phytoplankton-produced biomarkers brassicasterol and dinosterol were 
present in most of them (7-281 µg/g TOC and 1.7-109 µg/g TOC, respectively). The 
good correlation between brassicasterol and dinosterol (with a correlation coefficient 
of r2=0.69) and the absence of IP25 underline an open-water phytoplankton origin of 
both sterols in these areas (cf., Müller et al., 2011; Fahl and Stein, 2012; Stein et al., 








concentrations of brassicasterol in sea-ice samples from the Canadian Beaufort Sea 
(<3% of total sterol concentrations). This is in contrast to Yunker et al. (1995) who 
found significant concentrations of brassicasterol in sediment trap samples from the 
Beaufort Sea at spring times when there still was a 100% ice cover, and thus 
interpreted brassicasterol as being produced by ice algae.  
Our results are consistent with the maximum and minimum sea-ice extent in the 
Bering Sea as highlighted in Figures 15 (Danielson et al., 2011) and 20. 
Furthermore, these results indicate that IP25 seems to be a reliable sea-ice proxy in 
the Bering Sea and the North Pacific and reinforces its use in future palaeo-sea ice 
reconstructions in these areas.  
Fig. 20: (a) Map of March sea-ice extent(%) based on data from the National Snow and Ice Data
Center (NSIDC), averaged over the period from 1978 to 2007 (http://nsidc.org/) and (b)
concentration of IP25 in μg/g OC in surface sediments from the North Pacific and Bering Sea. 









 On the Bering slope, the “Green Belt” area, the OM is mainly of marine origin, as 
shown by the good correlation between the high HI values and the maximum 
dinosterol and brassicasterol concentrations in this area. In the North Pacific, low HI 
values and high long-chain concentrations of n-alkanes indicate a predominantly 
higher-plant origin of the OM. This terrigenous input is probably caused by dust 
supply from the Asian continent to the North Pacific via westerly winds and ocean 
currents. 
 The alkenone unsaturation index ( ) was converted to sea-surface 
temperature (SST) using two different calibrations (Müller et al., 1998 and Sikes et 
al., 1997). The Müller et al. (1998) calibration probably offers a more accurate 
estimate of mean annual SST in the central North Pacific whereas the Sikes et al. 
(1997) calibration seems to be more accurate for the eastern North Pacific and the 
Bering Sea, characterized by colder SST < 9°C, and provides reasonable summer 
SST estimates. However, it overestimates summer SST in the western North Pacific.  
 The sea-ice proxy, IP25, was only found in samples situated north of the March 
ice-edge. Its absence from the rest of the investigated area, on the other hand, is in 
agreement with the open water conditions observed in the North Pacific and the 
southern part of the Bering Sea.  
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Abstract 
Sea ice, because of its strong influence on heat and moisture exchange between the 
ocean and the atmosphere, is an essential component of the global climate system. In 
the context of its alarming decrease, in term of concentration, thickness and duration, 
understanding the processes controlling sea-ice variability and reconstructing paleo-
sea-ice extent in polar regions have become of great interest for the scientific 
community. In this study, for the first time, IP25, a recently developed biomarker sea-
ice proxy, was used to reconstruct detailed sea-ice extent in the western North Pacific 
and western Bering Sea during the past 18,000 years. To identify mechanisms 
controlling the sea-ice variability, IP25 data were associated with sea-surface 
temperature, diatom and biogenic opal data. Here, we propose that a dominantly 
permanent sea-ice cover existed during cold periods (Heinrich Stadial 1 and Younger 
Dryas), whereas reduced sea ice or ice-free conditions prevailed during warmer 
intervals (Bølling-Allerød and Holocene). It seems that, in this region, the variability 
in sea-ice extent is linked to climate anomalies and sea-level changes controlling the 
oceanographic circulation between the subarctic Pacific and the Bering Sea, 




The Bering Sea is an area of heat and water exchange between the North Pacific and 
the Arctic Ocean through the Bering Strait. The physical processes observed in this 
Sea-ice variability 
??
transition region are strongly influenced by the interaction between ocean, ice and 
atmosphere (Stabeno et al., 1999). Therefore, decrease of sea ice, a critical component 
of the global climate system (Overland 1981), observed in the Arctic Ocean and its 
marginal seas over the last 30 years (Stabeno et al., 2007; Danielson et al., 2011), is 
affecting this interaction.  
The water-mass circulation in the Bering Sea (Fig. 21), described as a cyclonic 
gyre (mainly composed of the Aleutian North Slope Current and the Bering Slope 
Current), is strongly influenced by the North Pacific (Alaskan Stream) water flowing 
through the Aleutian Island passes (Stabeno and Reed, 1994). During the last 
glaciation, sea-ice distribution, sea level and atmospheric pressure pattern may have 
influenced this oceanic circulation. Here, the temporal and spatial variability of sea 
ice seems to play a key role in the climate system. Therefore, information on past sea-
ice variability may help to understand factors controlling climate change.  
In several studies carried out in (sub-) polar areas, IP25, a C25 isoprenoid lipid 
produced by sea-ice diatoms during the spring bloom period and recovered, after ice 
melting in the underlying sediment (Belt et al., 2007), has proven being a valuable 
Fig. 21: Map showing location of piston cores SO201-2-12KL, SO201-2-77KL and SO201-2-114KL 
in the western subarctic Pacific and the southwestern Bering Sea, the major currents (Stabeno and
Reed, 1994) and the Bering Sea-ice edge (Danielson et al., 2011). White arrows represent the oceanic
surface circulation (AS= Alaskan Stream, EKC= East Kamchatka Current, OC= Oyashio Current, 
ANSC= Aleutian North Slope Current, BSC= Bering Slope Current), dotted line shows the average 







proxy for present and past sea-ice reconstruction studies (Vare et al., 2009; Müller et 
al., 2009, 2011; Stein et al., 2012; Belt et al., 2012; Méheust et al., 2013; Belt and 
Müller, 2013; Fahl and Stein; 2013). In this study, new IP25 data from three cores 
located in the southwestern Bering Sea and the western subarctic Pacific (SO201-2-
12KL, SO201-2-77KL and SO201-2-114KL, Fig. 21), allow a high-resolution 
reconstruction of the temporal and spatial sea-ice coverage over the past 18,000 years 
(18 ka). Previously reported sea-surface temperature (SST) (Max et al., 2012), 
biogenic opal (Riethdorf et al., 2013) and diatom (Max et al., 2012) data obtained 
from the same cores were associated to paleo-sea-ice reconstruction to assess the 




The sediment samples were collected by means of piston coring during the SO201- 
KALMAR (Leg 2) R/V Sonne cruise in 2009 (Dullo et al, 2009). The sample 
treatment has already been described and published (Max et al., 2012). As these 
authors mainly focused on the alkenone fraction, the hydrocarbon fraction (needed for 
IP25 determination) was still available for our studies. IP25 was analysed using gas 
chromatography-mass spectrometry (GC-MS; Agilent 6850; 30 m HP-5ms column, 
0.25 mm i.d., 0.25 μm film thickness; coupled to an Agilent 5975C VL mass selective 
detector). The identification was carried out by GC retention time of the compounds 
and the comparison of their mass spectra with published data (Belt et al., 2007). The 
internal standard 7-hexylnonadecane (7-HND) is commonly used for quantification 
purpose, however, as IP25 was not main objective of the first study (Max et al., 2012), 
no 7-HND was added to the sediment sample prior to extraction. Therefore, the 
quantification has been done by comparison of the molecular ion m/z 350 of IP25 with 
the fragment ion m/z 99 of C36 (100 μl, 21,435 ng/μl) as internal standard. 
Furthermore, the determination of specific sterols as phytoplankton biomarkers was 
not possible as the sterol fraction was not available from the previous study. 
Unfortunately, these circumstances prevent us calculating the PIP25 Index (Müller et 
al., 2011) to be used for reconstruction of semi-quantitative sea-ice distribution.  







approach, including inter-core correlation using high-resolution spectrometry and X-
ray fluorescence as well as 14C-accelerator mass spectrometry radiocarbon dating of 
planktonic foraminifera (Max et al., 2012).  
Based on these age models, the studied sediment sections represent the last about 18 
ka (Fig. 22), i.e., they include prominent cold (Heinrich Stadial 1 and Younger Dryas 
event) and warm (Bølling-Allerød) intervals. 
 
 4.3 RESULTS AND DISCUSSION 
4.3.1 HEINRICH STADIAL 1 
?
The period between 18.0 and 15.0 ka (corresponding to the Heinrich Stadial 1; e.g. 
Hemming, 2004; Naafs et al., 2013) is characterized by a relatively high IP25 
concentration (Appendix B, Table B1) and low biogenic opal content in the Bering 
Sea and the subarctic Pacific (Fig. 22C, 22F and Fig. 23A), indicative of extended 
sea-ice conditions throughout the year, with low seasonal contrast. This interpretation 
is also supported by the increase of the concentration of Fragilariopsis oceanica (%), 
a sea-ice diatom, in core SO201-2-12KL (Fig. 22D) whereas the abundance of open-
water diatoms, Neodenticula seminae (%), remains close to zero throughout the entire 
period (Max et al., 2012) (Fig. 22E, Fig. 23B and 23C). Most importantly, alkenone 
concentrations, below detection limit in the three cores, are also in favor of reduced 
biological productivity, most likely caused by permanent and thick sea-ice conditions 
preventing the growth of phytoplankton due to reduced light penetration beneath the 
sea ice (cf. Müller et al., 2009, 2011) during major parts of the year, including spring 
(Fig. 24). Moreover, the closure of the Bering Strait, due to a lowered sea level, and 
barriers created by glaciers expanded over the Aleutian Island, may have resulted in 
the partial isolation of the Bering Sea. The consequent cut-off of the North Pacific 
warm and high nutrient-content water inflow (Tanaka and Takahashi, 2005) probably 
allowed the development of a perennial sea-ice cover and low biological productivity 






Fig. 22: High-resolution records of δ18O values from Greenland ice core (NGRIP) (Rasmussen et al.,
2006) (A), alkenone based SST (Max et al., 2012) (B), IP25 concentration (this study) (C), sea ice and 
open water diatoms (Max et al., 2012) (D and E), and biogenic opal (Riethdorf et al., 2013) (F). Light 
blue shaded areas represent cold periods (Heinrich Stadial 1, HS1; Younger Dryas, YD), light yellow
shaded represent the warm Bølling-Allerød period. For age model see Max et al. (2012). 
Sea-ice variability 
??
4.3.2 BØLLING-ALLERØD  
Near the onset of the Bølling-Allerød warm interval at about 15 ka, IP25 values drop-
down to concentrations close to zero (Appendix B, Table B1; Fig. 22C) whereas the 
abundances of the open-water diatom N. seminae reach maximum values during the 
whole interval (Fig. 22E). These drastic changes are interpreted as rapid sea-ice 
retreat in the Bering Sea and northwestern Pacific, probably leading to ice-free 
conditions in both areas at that time (Fig. 23, Fig. 24). 
An open-water environment is also supported by low concentrations of 
F.oceanica (Fig. 22D). Increases in biogenic opal (Fig. 22F) and measurable 
concentrations of alkenones recorded in all three sediment cores (Fig. 22B) (Max et 
al., 2012; Riethdorf et al., 2013) during the period starting around 15 ka, suggest 
enhanced primary productivity, including coccolithophore production.  
Contemporaneously, laminated organic-carbon and biogenic opal-rich sediments have 
been described in other sediment cores from this area, representing deglacial phases 
of increased productivity and dysoxic to anoxic conditions (Gorbarenko, 1996; Cook 
et al., 2005; Caissie et al., 2010).? 
Although a warming trend is observed in all three cores, the three alkenone 
surface temperature records show some differences in comparison to the millennial-
scale temperature fluctuations recorded in Greenland ice core isotope records
(Rasmussen et al., 2006) (Fig. 22A and 22B). It has to be considered, however, that 
the low time resolution in cores SO201-2-77KL and SO201-2114KL do not allow a 
high-resolution SST reconstruction. In general, the warming in core SO201-2-77KL is 
more pronounced than in cores SO201-2-12KL and SO201-2-114KL. Hence, 
relatively lower SST seems to prevail in the westernmost part of the study area during 
the Bølling-Allerød. Such conditions probably resulted from the retreat of sea ice 
modifying SST and creating a cold ocean thermal front along the ice-edge (Zhang et 
al., 2010). A low SST may also be explained by melting of Alpine glaciers of the 
Kamchatkan Peninsula, preventing vertical mixing (Sancetta and Robinson, 1983; 
Katsuki and Takahashi, 2005). Deglacial melt-water pulses carried by the Kamchatka 
Current were probably responsible for the colder SST observed in the western Bering 
Sea area and the subarctic Pacific. The more pronounced warming observed in core 
SO201-2-77KL, on the other hand, is likely due to its geographical situation, i.e., 

















Fig. 23: Relationships between
IP25 and biogenic opal, and IP25
and diatoms. 
IP25 (this study) versus biogenic
opal in core SO201-2-12KL 
(Riethdorf et al., 2013) from the
subarctic Pacific and in core
SO201-2-77KL from the western 
Bering Sea (A), IP25 (this study)
versus open water diatom N. 
Seminae in core SO201-2-12KL 
(Max et al., 2012) (B), IP25 (this
study) versus sea-ice diatom F.
Oceanica in core SO201-2-12KL 
(Max et al., 2012) (C). For each
plot, triangle and circle symbols
represent core SO201-2-12KL and
core SO201-2-77KL, respectively.
Colors refer to different time
periods (dark blue: Heinrich
Stadial 1; yellow: Bølling-
Allerød; light blue: Younger







4.3.3 YOUNGER DRYAS 
?
A sudden increase in IP25 in all three cores (Appendix B, Table B1; Fig. 22C), with 
values remaining high during Younger Dryas (YD; 12.7-11.7 ka), is the first 
indication of extensive sea-ice coverage during this period. Furthermore, in the 
subarctic Pacific, a shift in the diatom assemblages from one dominated by N. 
seminae to one dominated by F. oceanica supports the extended sea-ice coverage 
(Max et al., 2012) (Fig. 22C, 22D and Fig. 23). A maximum of sea-ice diatoms in a 
core from the Umnak Plateau (Cook et al., 2005) also points to a YD cold event with 
extended sea ice in the entire Bering Sea. Contemporaneously, a decrease in primary 
production is indicated by the decline of biogenic opal in cores SO201-2-12KL and 
SO201-2-77KL (Fig. 22F) (Riethdorf et al., 2013). The presence of alkenones in these 
sediments (Fig. 22B), however, suggests that coccolithophore production persisted, 
indicating that the annual sea-ice cover was probably not as thick as during the 
Heinrich Stadial 1 period. Instead, it was most likely interrupted by a short period of 
ice-free conditions (Fig. 24), allowing phytoplankton production. Cold SST registered 
by the alkenone records and prevailing during the YD was probably the main factor 
influencing sea-ice enhancement.  
4.3.4 HOLOCENE 
?
The onset of the Holocene is marked by an abrupt decrease in IP25 in all three cores 
(Appendix B, Table B1; Fig. 22C), suggesting a shift from a more seasonal sea-ice 
cover to reduced sea ice or ice-free conditions in the Bering Sea and the subarctic 
Pacific. Reduced sea ice is also confirmed by a shift in the diatoms assemblages from 
F. oceanica to N. seminae observed in core SO201-2-12KL (Fig. 22D and 22E) 
Increased abundances of N. seminae, known as a reliable tracer of the Alaskan Stream 
water (Sancetta, 1982), was also registered in the eastern Bering Sea (Sancetta and 
Robinson, 1983; Katsuki and Takahashi, 2005), providing evidence of enhanced 
inflow of the subarctic Pacific Water through the Aleutian passes into the Bering Sea.  
Warming of the ocean surface water recorded by the alkenone data in both areas (Fig. 
22B) was probably initiated by an increase in insolation, leading to sea ice and ice-
sheet melting responsible for sea-level rise. The subsequent re-opening of Bering 
Strait between 11 and 12 ka (Keigwin et al., 2006), allowing an increase of the net 
Sea-ice variability 
??
inflow of warmer North Pacific Water (Fig. 24), may have resulted in enhanced 
warming of Bering Sea near-surface waters. This warming event, corresponding to the 
Early Holocene Thermal Maximum (Renssen et al., 2012) and deglaciation, was also 
recorded in previous studies in the subarctic North Pacific (Gorbarenko et al., 1996; 
Gebhart et al., 2008), in the Okhotsk Sea (Okazaki et al., 2005) and in different 
regions of the Bering Sea (Okazaki et al. 2005; Caissie et al., 2010) Nutrient-rich 
Alaskan Stream injection through the Aleutian passes and enhanced vertical mixing 
related to a weakening of melt-water input (Nakatsuka et al., 1995), may explain the 
observed gradual increase in biogenic opal that remains high during the deglaciation. 
This view is in agreement with reconstructions of variations in terrigenous matter 
supply in the western Bering Sea (Riethdorf et al., 2013), is considered to be mainly 
driven by changes in sea-ice formation.  
Fig. 24: Schematic representation of the evolution of sea-ice extent during winter, spring and summer 
during cold (Heinrich Stadial 1 and Younger Dryas) and warm seasons (Bølling-Allerød and
Holocene). Blue and orange dotted arrows show the modern East Kamchatka Current (EKC) and 
Alaskan Stream (AS), respectively (Stabeno and Reed, 1994). Increased thickness of orange arrows
during the Holocene represent the enhanced inflow of the subarctic Pacific Water through the Aleutian 









This study provides for the first time a high-resolution postglacial sea-ice 
reconstruction using IP25 in the western Bering Sea and the western subarctic Pacific. 
Combined with SST, biogenic opal and diatom records, this proxy gives new and 
detailed insight into the mechanisms controlling the extent and retreat of the sea-ice 
cover over the past 18 ka. As shown, cold periods are characterized by high IP25 
concentrations, elevated sea-ice-associated diatom abundances coupled with low SST 
and low marine productivity. These observations are interpreted to reflect thick and 
perennial sea-ice cover, with low seasonal contrast during Heinrich Stadial 1. During 
the YD, on the other hand, the sea-ice season was probably interrupted by a longer 
period of open-water conditions during summer. In contrast, the absence of IP25, 
associated with increases in open-water diatoms, SST and marine productivity, 
indicates reduced sea ice to ice-free conditions during the warmer periods of the 
Bølling-Allerød and Holocene. Variations in sea-ice extent are closely linked to the 
water-mass circulation patterns between the subarctic Pacific and the southwestern 
Bering Sea, which are significantly different today than during glacial times. During 
cold periods, lowered sea level provoked the closure of the Bering Strait, preventing 
the warm Pacific Water inflow into the Bering Sea and, thus, permitting the extension 
of sea ice. During the Holocene, the global climate warming led to the decay of ice 
sheets, causing rapid postglacial sea-level rise and the re-opening of Bering Strait. 
This allowed the warm subarctic Pacific water to enter the Bering Sea, thereby further 
enhancing warming and sea-ice melting.  
 Our high-resolution IP25 study gives the first direct proof of short-term 
variations in sea-ice distribution in the western Bering Sea and subarctic Pacific. 
Unfortunately, a combined approach using IP25 and phytoplankton biomarkers, that 
would allow a more quantitative reconstruction of past sea-ice distribution in our 
study area (cf. Müller et al., 2009, 2011), was not possible within this study. These 
measurements, however, should be carried out in a future research to allow a more 
precise quantitative reconstruction of past sea-ice conditions needed to approve 
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Abstract 
Here we reconstructed changes in sea-surface conditions in the eastern and western 
subarctic Pacific and the northern Bering Sea throughout the last glacial-deglacial-
Holocene time interval by mean of specific biomarkers. New insights about the 
spatial and temporal variations of sea-surface temperature and sea-ice coverage are 
provided by the analyses of alkenones and sea-ice proxy (IP25) respectively. For a 
better assessment of sea-ice coverage, IP25 was combined to phytoplankton 
biomarkers data to calculate the marker-IP25 index (PIP25).  
The results show that an extensive sea-ice cover prevailed over large parts of 
the subarctic Pacific and the Bering Sea during the LGM. The deglaciation is 
characterized by a rapid sea-ice advance and retreat. During cold periods (Heinrich 
Stadial 1 and Younger Dryas) seasonal sea-ice cover generally coincides with low 
alkenone SSTs and low primary productivity. Conversely, during warmer intervals 
(Bølling/Allerød) predominance of reduced sea ice or ice-free conditions are 
associated with increase in alkenone SSTs and primary productivity. During the 
Holocene, ice-free conditions dominated in the subarctic Pacific and the southern 
Bering Sea. In the northern Bering Sea continental shelf ice-free conditions, 
associated with high alkenone SSTs and primary productivity, prevailed during the 
Holocene Thermal Maximum, but shifted to marginal sea-ice conditions at late 
Early-Holocene. The variability can be explained by a combination of local factors 
(e.g. solar insolation), as well as global climate anomalies and sea-level changes 








5.1 INTRODUCTION  
 
Sea ice, through its influence on heat and moisture exchange between the ocean and 
the atmosphere, is a key feature of the global climate. Furthermore, it strongly affects 
the climate system through albedo, ocean stratification and evaporation. Similarly to 
the Arctic, the Bering Sea sea ice is extremely sensitive to recent climate changes and 
is experimenting a decrease of the extent, thickness, and duration since the last 30 
years (Stabeno et al., 2007; Overland and Stabeno, 2004; Danielson et al., 2011) 
strongly impacting the area ecosystem (Hunt et al. 2002). Therefore, reconstructing 
the changing patterns of sea-ice distribution in the recent past is one of the 
outstanding challenges to the paleo-community. 
 Among oceanographic parameters, sea ice, with its high seasonal variability, 
exerts a strong control on the Bering Sea marine environment. In the Bering Sea, sea 
ice is essential in the formation and preservation of “cold pools” (Stabeno et al. 2002) 
and strongly influences the upwelling processes, hence, cold and high nutrient waters 
is transported along the Bering Sea slope region or ‘‘Green Belt’’ Therefore, the 
timing of ice melt exerts a strong control on the timing of phytoplankton blooms 
(Hunt et al., 2002) and contribute to enhanced primary productivity at the ice-edge 
(Springer, 1996). 
 During the late Quaternary, the Bering Sea underwent major climatic changes, 
with rapid fluctuations between warm and cold periods, leading to spatial and 
temporal variations in sea ice. Various paleoceanographic studies in the Bering Sea 
reconstructed the past sea-ice distribution based on diatoms assemblages (Sancetta 
and Robinson, 1983; Katsuki et al., 2003; Katsuki and Takahashi, 2005; Caissie et al., 
2010) and radiolarians (i.e. Morley and Robinson, 1986; Tanaka and Takahashi, 
2005). During the Last Glacial Maximum, extreme glacial conditions with extended 
sea ice and continental ice sheets prevailed, causing a severe sea-level drop to less 
than 100 m below the present one (Hopkins, 1973; Chappell et al., 1996), initiating 
major morphologic changes in the Bering Sea environment. Hence, the eastern Bering 
Sea shallow continental shelf was aerially exposed at that time, forming Beringia 
(Fig. 4). The rapid sea-level changes also caused the closure of Bering Strait, 
impacting the water-mass circulation between the Bering Sea and the Arctic Ocean 
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(Hopkins, 1973; Hu et al., 2010, 2012). Likewise, the partial closure of the shallow 
and narrow Aleutian Islands passes (Stabeno et al., 2002), led to a decrease in the 
amount of relatively fresh and nutrient-rich North Pacific water inflow into the Bering 
Sea. Partial isolation the Bering Sea is reflected by the low abundance of open-water 
diatoms, an Alaskan Stream indicator species, Neodenticula seminae (Katsuki and 
Takahashi, 2005). As revealed by low δ13C values from planktic foraminifera 
(Nakatsuka et al., 1995), the last glacial maximum was a time of low biological 
production, probably caused by the combination of extended sea-ice cover, cold and 
low salinity surface-water (Tanaka et al., 2005) and the cut off of the supply of warm 
and nutrient-rich North Pacific water.  
 During the deglacial, the retreat of sea ice from the Bering Sea is shown by a 
shift in the diatom assemblages, from one dominated by sea-ice diatoms to one 
dominated by high-productivity species (Katsuki and Takahashi, 2005; Caissie et al., 
2010). Melting of sea ice induced rapid sea-level rise and subsequently the reopening 
of the Bering Strait, dated to ~11 ka (Chappell et al., 1996; Elias et al., 1996; Elias et 
al., 1997)  
 As reflected by the peaks in CaCO3 (Okazaki et al., 2005a) and the positive 
δ15N anomalies (Nakatsuka et al., 1995) high primary productivity, probably caused 
by the dominant summer conditions and the retreat of sea ice to the continental shelf 
regions (Ahagon et al., 2003; Ohkushi et al., 2004; Sagawa and Ikehara, 2008; 
Okazaki et al., 2010) prevailed.  
 In this study, we report results of organic geochemical analyses from three 
sediment cores from the subarctic North Pacific and Bering Sea. The main objective 
is to reconstruct the spatial and temporal sea-surface temperature and sea-ice cover 
variability and better understand of the organic-matter sources during the Last Glacial 
Maximum and the following deglaciation in this area. 
 
5.2 GENERAL BACKGROUNDS 
5.2.1 SEA-ICE RECONSTRUCTION USING IP25 
?
In this study, the new sea-ice proxy, IP25, a sea-ice diatom-specific monounsaturated 
highly branched isoprenoid first presented by Belt et al. (2007) and later successfully 
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used as proxy for sea-ice reconstructions in the Arctic and marginal seas, was used to 
reconstruct paleo sea-ice spatial and temporal variability in the Bering Sea and the 
subarctic Pacific. Subsequently to IP25 discovery, several studies using IP25 as proxy 
for sea-ice reconstructions in the Arctic and marginal seas and covering different 
periods and temporal resolutions have been carried out (for review, see Stein et al., 
2012 and Belt and Müller, 2013). However, IP25 values of about zero can indicate 
either the absence of sea ice, or the opposite scenario, permanent and thick sea ice, 
preventing light penetration and thus, ice algae growth. To circumvent this issue and 
distinguish between these two opposite scenarios, Müller et al. (2011) associated IP25 
with phytoplankton-derived biomarkers (mainly brassicasterol and dinosterol). When 
IP25 is absent, lack or low abundance of phytoplankton biomarkers reflects 
permanent sea-ice coverage, whereas elevated abundance of phytoplankton markers 
reflects ice-free conditions. Furthermore, Müller et al. (2011) combined IP25 and 
phytoplankton biomarkers in order to establish a new index, the phytoplankton IP25 
Index (PIP25) allowing more semi-quantitative sea-ice reconstructions and an 
approximate assessment of spatial and temporal extent of the sea-ice edge. 
 
5.2.2 SEA-SURFACE TEMPERATURE RECONSTRUCTION USING LONG-CHAIN ALKENONES 
 
Sea-surface temperature (SST) was reconstructed using alkenone thermometry 
(Brassell et al., 1986; Prahl and Wakeham, 1987). Alkenone are long-chain 
unsaturated ketones with 37-carbon atoms, synthesized by microalgae, especially the 
coccolithophores Emiliania huxleyi and Gephyrocaspa oceania (Volkman et al., 
1980; Marlowe et al., 1984). The high interest of alkenones in paleoceanography is 
based on the fact that number of unsaturations (2 to 4 double bonds) is strongly 
dependent on the organism’s growth temperature (Brassell et al., 1986; Prahl and 
Wakeham, 1987). The ketone unsaturation index, UK37 , first established by Brassell 
et al., (1986), introduce a relation between water temperature growth and the degree 
of alkenone unsaturation. Prahl and Wakeham (1987), later presented a simplified 
version of the index, by removing the tetra-unsaturated alkenones (C37:4), UK´37 used 
in most of the alkenone-related studies. Different UK´37-temperature calibrations were 
proposed in order to establish the most suitable relationship between UK’37 and 
temperature. The most commonly used calibration was proposed by Prahl et al. 
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(1988) and later confirmed by the global core-top calibrations, proposed by Müller et 
al. (1998) (UK’37= 0.033T + 0.044).  
 However, in a previous study achieved on surface sediment from the 
subarctic Pacific and the Bering Sea, Méheust et al. (2013) reported that Müller et 
al., (1998) calibration may not be suitable for the Bering Sea and subarctic Pacific 
colder-water areas as it overestimates the mean annual SST. According to Méheust et 
al. (2013), the Sikes et al. (1997) calibration ( = 0.038T – 0.082) obtained from 
core top sediments underlying Southern Ocean waters with summer temperature 
greater than 4 °C, seems to be more accurate for the subarctic North Pacific and the 
Bering Sea and provides reasonable summer SST estimates.  
5.3 REGIONAL SETTINGS 
 
The Bering Sea is a subarctic semi-enclosed sea situated between the North Pacific 
and the Arctic Ocean and comprised of a northeastern shallow continental shelf and a 
southern deep basin (Fig. 25). The physical oceanography of the eastern Bering Sea is 
influenced by tides, winds, topography, flows through passages and the annual 
formation, drift and melting of sea ice (Schumacher et al., 2003). 
 
5.3.1 SURFACE CIRCULATION 
 
The water-mass circulation in the Bering Sea is mainly dominated by the 
anticlockwise surface-water circulation made of two major currents, the Aleutian 
North Slope Current (ANSC) and the Bering Slope Current (BSC), flowing, 
respectively, along the Aleutian Islands and the northern continental slope (Fig. 25; 
Schumacher and Reed, 1992; Stabeno and Reed, 1994). These two currents originated 
from the inflow, through several passages and straits in the Aleutian Islands, of the 
fresh and nutrient-rich content North Pacific waters. The Alaskan Stream (AS), 
originating from the eastern Alaskan Gyre (AG), constitutes the dominant subarctic 
current inflow into the Bering Sea. Part of the Bering Sea-surface water enters to the 
Arctic Ocean through the Bering Strait, but most of these water masses flow into to 
the North Pacific as Kamchatka Current (KC), through the Kamchatka Strait (Stabeno 








and forms the Oyashio Current. The surface-water circulation in the central North 
Pacific is dominated by two major currents flowing eastward; the Subarctic Current 
(SC) and the North Pacific Current (NPC) (Fig. 25; Qiu, 2000). 
 
 
Fig. 25: Map showing the location of studied cores (red dots, names highlighted in red boxes: this
Chapter; red dots: Chapter 4) and cores described in previous studies (see Table 1 for references).
General circulation is included (arrows) and the typical winter and summer ice extent boundaries are
indicated (dotted light blue line: shows the average sea-ice extent during summer, dotted dark blue
line: shows the average maximum sea-ice extent during winter; Danielson et al., 2011). 








5.3.2 BERING SEA SEA ICE 
 
The seasonal sea-ice advance and retreat is the largest of any of the Arctic or subarctic 
regions, with a sea-ice extent on the eastern shelf varying over 1000 km latitudinally 
from summer to winter (Niebauer et al, 1999). Sea ice originally forms in the Chukchi 
Sea and is advected southward by the easterly winds (Pease, 1980; Niebauer et al, 
1999; Stabeno et al., 2001). The sea ice reaches the Bering Sea continental shelf area 
around November. Cooling of the surface water permits the southward advance of the 
sea ice during winter until it reaches warmer water and melts. The sea-ice maximum 
occurs in March or early April and covers approximately 75% of the shelf region, 
reaching, in heavy ice years, the shelf break region with a southernmost extent at 
54.5°N (Fig. 25; Stabeno et al., 2007; Niebauer, 1980).  
 In summer, the sea ice retreats several hundreds kilometres north through the 
Bering Strait, leaving the Bering Sea-ice free (Fig. 25). The release of fresh and cold 
water lead to highly stratified and nutrient-rich water, which, associated with surface-
water solar heating and wind mixing (Stabeno et al, 2007), creats a short, intense 
phytoplankton bloom at the sea-ice edge of the Bering Sea. This bloom, representing 
the majority of annual primary production on the Bering Sea shelf, usually starts end 
of April, preceding by days or weeks the bloom in the open-water environment of the 
Bering Sea (Niebauer et al., 1995). 
 
5.4 MATERIALS AND METHODS 
5.4.1 SEDIMENT MATERIALS  
 
The three studied cores were recovered during the INOPEX RV Sonne Expedition 
202 in 2009 with a kastenlot corer (Fig. 25; Gersonde et al., 2012). Core SO202-07-6 
was taken from the Detroit Seamount in the northwestern Pacific Ocean (Fig. 25; 
51°16.29’ N, 167°41.98’E, 2340 m water depth). The 4.69 m long sediment core 
presents a heterogeneous lithological composition and can be divided into five 
different units, including terrigenous mud, diatoms ooze and calcareous sediment. 
Core SO202-18-6, recovered from the Bering Sea continental slope (Fig. 25; 
60°07.6’N, 179°26.1’W, water depth 1105 m) is 7.21 m long and shows lithological 
 ?
?




changes with an alternation between diatom-rich sediment and terrigenous mud. The 
section is characterized by the presence of laminations and well-preserved bivalves. 
Core SO202-27-6 is 2,91 m long and recovered from the Patton Seamounts, in the 
northeastern Pacific Ocean (Fig. 25; 54°117.8’N, 149°36.0’W, water depth 2919 m). 
It consists of biosiliceous oozes containing bioturbated calcareous biogenic remains 
and terrigenous mud and high amounts of high-rifted debris (IRD) probably 
originating from the southern coastal Alaska (Gersonde, 2012). 
The age models of all three cores resulted from a combined chronostratigraphic 
approach, including inter-core correlations using high-resolution spectrometry and X-
ray fluorescence and lamination pattern as well as 14C-accelerator mass spectrometry 
radiocarbon dating of planktonic foraminifera (for further details, see Maier et al., in 
prep.; Kühn et al., in prep. and Serno, 2014). 
 
5.4.2 GEOCHEMICAL TREATMENT 
 
Directly after collecting, the samples were stored at -30 °C in glass bottles until 
further processing. After freeze-drying and homogenisation of the sediment, the 
TOC content was determined by means of a LECO CS-125 elemental analyser.  
For biomarkers analysis, ca. 2 to 5 g of sediment were extracted with an Accelerator 
Solvent Extractor (DIONEX-ASE 200; 100 ˚C, 5 min, 1000 psi) using 
dichloromethane:methanol mixture (2:1, v/v). For quantification purpose, squalane 
(0.48 μg/sample), 7-hexylnonadecane (0.0766 μg/sample), and cholesterol-d6 
(cholesterol-5-en-3β-ol-D6; 2.2 μg/sample) were added as internal standards before 
further analytical step. An aliquot of the total extract was used for analysing n-
alkanes, IP25, alkenones and sterols. These different biomarkers were separated by 
column chromatography using SiO2 as stationary phase (For further details, see 
Méheust et al., 2013). 
 The n-alkanes and alkenones were analysed using GC (HP6890) as described 
by Fahl and Stein (1997) whereas IP25 and sterols were analysed using gas 
chromatography-mass spectrometry (GC-MS; Agilent 6850; 30 m HP-5 ms column, 








 The identification of the compounds was achieved on basis of GC retention 
time and fragmentation pattern obtained from mass spectrometry. These lipids were 
identified by comparison with the mass spectra published by Boon et al., (1979) and 
Volkman (1986) for sterols and by Belt et al. (2007) for IP25. 
In order to compensate for variations in sedimentation rate, absolute biomarker 
concentrations were normalized to TOC. 
5.5 RESULTS 
5.5.1 BERING SEA CONTINENTAL SHELF (CORE SO202-18-6) 
 
On the Bering Sea continental shelf break (core SO202-18-6), the interval between 
712-634 cm, an interval corresponding to the Bølling-Allerød (B/A, ~14.7–12.9 ka; 
Blockley et al., 2012), is characterized by moderate TOC (0.8-0.9 wt%), high long-
chain n-alkanes values (avg. ~550 μg/g TOC), relatively high brassicasterol (avg. 
~100 μg/g TOC) and low dinosterol (avg. ~16 μg/g TOC) values. The concentrations 
of the sea-ice proxy IP25 (avg. ~0.017 μg/g TOC) show a short-term increase around 
700cm (~13.3 ka) from absent to moderate values at the end of the B/A. This 
increase coincides with the gradual decrease in -based SSTs (ranging from 6.8 to 
7.7 °C) (Fig. 26; Appendix C, Table C1).   
 The interval between 620 and 452cm corresponds to the Younger Dryas (YD, 
~12.9–11.7 ka; Blockley et al., 2012). The onset of this period is characterised by a 
decrease in TOC contents maintaining at low values throughout this period (0.7-0.9 
wt%). IP25 concentrations, already starting increasing prior to the YD, remain 
relatively high (avg. 0.1 μg/g TOC) during this interval. Maximum IP25 values are 
observed around 570 cm (~12.5 ka) and decline abruptly to minimum values, close to 
0 at 470 cm (~12 ka, Appendix C, Table C1). This matches the observed short period 
of pronounced decrease in SST, with a minimum of ~5°C, reached around 560 cm 
(~12.4 ka) and the subsequent gradual SST increase. During this interval of elevated 
IP25 concentrations and low SST, concentrations of phytoplankton markers 
brassicasterol and dinosterol show reduced values (avg. ~43 μg/g TOC and  ~16 μg/g 
TOC respectively) (Fig. 26; Appendix C, Table C1). 
 The onset of the early Holocene at ~ 440 cm is marked by a distinct increase of 








and 150 cm (~11.5-10 ka). Likewise, continuously increasing SST, reaching 
maximum values of 9°C at ~180 cm (~10 ka), strongly coincide with the absence of 
IP25 in the sediment. Together with the warming and the absence of IP25, 
phytoplankton markers (brassicasterol, dinosterol) and long chain n-alkanes show 
maximum values (avg. ~100 μg/g TOC, ~27 μg/g TOC and 465 μg/g TOC, 
respectively) (Fig. 26; Appendix C, Table C1). 
At about 180 cm (~10 ka) a major TOC drop to values averaging ~0.6 wt% coincide 
with a decrease in SST reaching minimum values < 7°C at 60 cm (~7 ka), and an
increase of IP25 concentrations. Meanwhile, an abrupt decline in phytoplankton 
biomarkers and long-chain n-alkanes is observed, remaining at minimum values until 
the final early Holocene (Fig. 26; Appendix C, Table C1). 
Fig. 26: Records from sediment core SO202-18-6. 
Total organic carbon (TOC in %), alkenone based SST (°C), IP25, brassicasterol, dinosterol and long-
chain n-alkanes concentration (all in μg/g TOC) versus depth (cm). Light blue shaded areas represent 
cold periods (Heinrich Stadial 1, HS1 and Younger Dryas, YD), light yellow shaded represent warm 
periods (Bølling-Allerød, B/A; Early and Mid Holocene).  




5.5.2. NORTHEASTERN PACIFIC (CORE SO202-27-6) 
The onset of MIS 2 at ~85 cm (~24 years BP) is marked by an increase in TOC 
contents and relatively low and stable summer SST values around 7°C are 
determined and match the high IP25 concentrations with greatest values of 0.8 μg/g 
TOC at 47 cm (~ 16 years BP). It also corresponds to reduced phytoplankton marker 
and relatively high long-chain n-alkanes concentrations. TOC contents reach highest 
values of 0.9 wt% at 35 cm (~15 years BP), associated with an absence of IP25 and 
maximum concentrations of brassicasterol and dinosterol (avg. ~45 μg/g TOC and 
~33 μg/g TOC, respectively) (Fig. 27; Appendix C, Table C2).  
MIS 1 is characterized by previously monotonous SST short term but 
considerable increase by 3°C starting at 15 cm (~ 11.5 years BP). Relatively low 
TOC, phytoplankton markers and long chain n-alkanes prevailed during this period, 
coeval with the absence of IP25 (Fig. 27; Appendix C, Table C2). 
5.5.3 NORTHWESTERN PACIFIC (CORE SO202-07-6) 
The general patterns of TOC, SST and IP25 between 130 and 40 cm relatively match 
those of Core SO202-27-6 from the northeastern Pacific. Indeed, the onset of MIS 2, 
at ~130 cm, is marked by an increase of both previously stable TOC and IP25 until 
maximum values of ~1.1 wt% at 65 cm (~14.5 ka) and ~8.5 μg/g TOC at 110 cm 
Fig. 27: Records from sediment core SO202-27-6. 
Total organic carbon (TOC in %), alkenone based SST (°C), IP25, brassicasterol, dinosterol and long-
chain n-alkanes concentration (all in μg/gTOC) versus depth (cm). Light purple and blue shaded areas
represent cold periods (Last Glacial Maximum, LGM; Heinrich Stadial 1, HS1 and Younger Dryas,
YD), light yellow shaded represent warm periods (Bølling-Allerød, B/A; Early and Mid Holocene).  




(~23 ka), respectively, and an abrupt decline in previously high SST, stabilizing at 
low values (avg. ~7°C) (Fig. 28; Appendix C, Table C3). TOC contents reach highest 
values of ~1.1 wt% at 65 cm (~15 ka) associated with extremely low values or 
absence of IP25. Concentrations of phytoplankton markers are variable during the 
interval and reach maximum values of ~67 μg/g TOC for brassicasterol and ~18 μg/g 
TOC for dinosterol at 55 cm (~13.8 ka) (Fig. 28; Appendix C, Table C3).  
Previously monotonous SSTs values start increasing around 50 cm, slightly 
before the base of MIS 1. Maximum values >10°C are reached 30 cm (~10 ka). 
Similarly to Core SO202-27-6 from the northeastern Pacific, this period is markered 
by the absence of IP25, coinciding with rather low TOC, dinosterol and long chain n-
alkanes values (avg. ~0.35 wt%, ~0.5 μg/g TOC and 80 μg/g TOC, respectively). 
5.6 DISCUSSION 
The results from sediment cores SO202-18-6, SO202-07-6 and SO202-27-6 from the 
Bering Sea continental shelf, the northwestern and the northeastern subarctic Pacific, 
respectively, clearly demonstrate the glacial/interglacial climate and environmental 
variability in these areas over the last 26 ka.  
In a previous study carried out on surface sediment from the region, Méheust 
et al. (2013) reported that, in the subarctic North Pacific and the Bering Sea, the 
calibration from Sikes et al. (1997) is more accurate and provides summer SST 
Fig. 28: Records from sediment core SO202-07-6. 
Total organic carbon (TOC in %), alkenone based SST (°C), IP25, brassicasterol, dinosterol and long-
chain n-alkanes concentration (all in μg/gTOC) versus depth (cm). Light purple and blue shaded areas
represent cold periods (Last Glacial Maximum, LGM; Heinrich Stadial 1, HS1 and Younger Dryas,
YD), light yellow shaded represent warm periods (Bølling-Allerød, B/A; Early and Mid Holocene).  
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estimates. Therefore, we used and the Sikes et al. (1997) calibration developed 
for cold-water regions ( = 0.038T – 0.082). Identification of the new sea-ice 
proxy, IP25, associated with phytoplankton biomarkers, as well as PIP25 index values 
(cf., Müller et al., 2011) in the three cores, provide new insights about the spatial and 
temporal evolution of sea ice in the Bering Sea and the subarctic Pacific. 
5.6.1 THE LAST GLACIAL MAXIMUM (LGM) 
 
The period corresponding to the Last Glacial Maximum (LGM; 22-18 ka) is 
characterised by elevated IP25 concentrations in Core SO202-07-6 and SO202-27-6 
(Fig. 31), pointing to the occurrence of extended sea ice in the western and eastern 
subarctic Pacific. This is supported by the presence of ice-related diatoms in core ES 
from the north-western Pacific (Fig. 25; Table 1) (Katsuki et al., 2003). 
 Phytoplankton markers in the two cores from the subarctic Pacific show 
opposing trends. High concentrations of sterols in Core SO202-07-6 indicate elevated 
phytoplankton productivity in the western subarctic Pacific, whereas low sterols 
values, recorded in Core SO202-27-6, point to reduced productivity in the eastern 
subarctic Pacific (Fig. 30). This dissimilarity in productivity between the eastern and 
western subarctic Pacific is likely due to different spatial and temporal extent of 
seasonal sea ice in the subarctic Pacific during the LGM. Hence, extent and long 
lasting sea ice in the eastern subarctic Pacific likely restricted the biological 
production to a shorter and colder summer. However, in the western subarctic Pacific, 
earlier sea-ice retreat in the season probably allowed greater phytoplankton 
production. Moreover, during the LGM, higher abundance of long chain n-alkanes, 
resulting from greater contribution of land plant organic matter (Eglinton and 
Hamilton, 1963, 1967), is registered in Core SO202-07-6 (Fig. 28; Appendix C, Table 
C3). Eolian dust input by providing land-derived trace nutrients -known as limiting 
factor for phytoplankton growth (Martin and Fitzwater, 1988)- probably supported 
greater phytoplankton productivity in the western subarctic Pacific (Amo et al., 2003). 
Enhanced glacial terrigenous input was also reported in the Bering Sea (Okada et al., 
2005; Okazaki et al., 2005a), the Okhotsk Sea (Ternois et al., 2001), and the 
northwestern Pacific (Amo et al., 2003) and interpreted as an increase in mineral dust 











During the LGM, the global sea level was more than 100 m lower than at 
present (Hopkins 1973, Chappell et al.1996; Hu et al., 2010, 2012) and the eastern 
Bering Sea shallow continental shelf was aerially exposed, forming Beringia (Fig. 4). 
At the same time, the Bering Strait was closed, isolating the North Pacific from the 
Arctic. Moreover, the sea-level drop resulted in the partial closure of the shallow and 
narrow Aleutian passages (Stabeno et al., 2002). The consequent cut-off of the North 
Pacific warm and nutrient-rich water inflow (Tanaka and Takahashi, 2005) probably
allowed the development of a perennial sea-ice cover and low biological productivity
(Sancetta and Robinson, 1983; Caissie et al., 2010).  
Alkenone-based SST reconstruction during the LGM does not match the low 
temperature recorded by δ18O low values in the NGRIP Greenland ice core 
(Rasmussen et al., 2006) (Fig. 29). Unexpectedly warm alkenone temperature events 
Fig. 29: Alkenone based SST (°C) plotted versus age of cores SO202-07-6, SO202-27-6 and SO202-
18-6. High-resolution records of δ18O values from Greenland ice core (NGRIP) (Rasmussen et al.,
2006) are also shown. Light purple and blue shaded areas represent cold periods (Last Glacial
Maximum, LGM; Heinrich Stadial 1, HS1 and Younger Dryas, YD), light yellow shaded areas
represent warm periods (Bølling-Allerød, B/A; Early and Mid Holocene). For age model of the cores
SO202-07-6, SO202-27-6 and SO202-18-6 see Maier (In prep.), Serno (2014) and Kühn (In prep.),
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are recorded in the eastern and especially in the western subarctic Pacific where the 
maximum SST exceeds the Holocene temperatures (Fig. 29). Harada et al. (2006) also 
recorded warm alkenone temperatures in the Okhotsk Sea during the last glacial 
period. Among different parameters, the sea-ice extent during the LGM is probably 
responsible of this anomaly in calculated SST. Hence, thick sea-ice coverage during 
this period probably hampered coccolithophorid production, resulting in low alkenone 
accumulation in the sediment, preventing a truthful UK’37 index calculation and thus, 
an accurate SST reconstruction. 
5.6.2 THE HEINRICH STADIAL 1 COLD EVENT (HS1) 
 
The first part of Heinrich stadial 1 (HS1; ~18-15 Ka) is marked by an increase in IP25 
concentrations in the northeastern Pacific (core SO202-27-6) and stable, elevated IP25 
concentrations in the northwestern Pacific pointing to sea-ice occurrences in both 
regions (Fig. 31). This is well in accordance with maximum IRD accumulation 
reported by Gebhardt et al. (2008) at sites MD02-2489 and MD01-2416, in the 
northeast and northwest Pacific, respectively. 
Low alkenone SSTs, roughly matching the millennial-scale temperature 
recorded in the Greenland ice core isotope record (Rasmussen et al., 2006), seem to 
prevail in the western and eastern subarctic Pacific during this period (Fig. 29). This 
observation supports the occurrence of sea ice in these two regions. The final HS1 
(~16-15 ka) is marked by a ~ 1.5 °C raise in alkenone SSTs (Fig. 29) and a sudden 
drop in IP25 concentrations in the northeast subarctic Pacific (Fig. 31), probably 
related to melting sea ice. Meanwhile an increase in concentrations of phytoplankton 
(Fig. 30), pointing to enhancement of phytoplankton productivity, is in accordance 
with the decrease in sea-ice coverage. Ice-free conditions established after the end of 
the HS1, in the eastern subarctic Pacific, are suggested by the absence of IP25 at the 
onset of the B/A. This interpretation is in agreement with the sudden drop in IRD 
recorded around 15 ka in the core MD02-2489 from the eastern subarctic Pacific 
(Gebhardt et al., 2008).  Simultaneously, a massive rise in productivity and abrupt 
increase of sea-surface salinity registered in this core, confirm the input of fresh melt 
water induced by the melting of sea ice (Gebhardt et al., 2008). In the western 
subarctic Pacific (Core SO202-07-6), the decrease in IP25 occurred ~1000 years later 




and reached maximum values at the onset of the Bølling-Allerød (Fig. 31). This 
period of ice melting matches the increase of alkenone SST of ~1 °C (Fig. 29). 
Fig. 30: Phytoplankton markers, brassicasterol and dinosterol (μg/gTOC) plotted versus age of cores
SO202-07-6, SO202-27-6 and SO202-18-6. High-resolution records of δ18O values from Greenland
ice core (NGRIP) (Rasmussen et al., 2006) are also shown. Light purple and blue shaded areas
represent cold periods (Last Glacial Maximum, LGM; Heinrich Stadial 1, HS1 and Younger Dryas,
YD), light yellow shaded areas represent warm periods (Bølling-Allerød, B/A; Early and Mid
Holocene). For age model of the cores SO202-07-6, SO202-27-6 and SO202-18-6 see Maier (In
prep.), Serno (2014) and Kühn (In prep.), respectively. 
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5.6.3 THE BØLLING-ALLERØD WARM PERIOD (B/A) 
 
At the onset of the Bølling-Allerød, the IP25 absence in sediment cores from the 
subarctic Pacific (Fig. 31), reflecting ice-free conditions, coincide with an increase in 
alkenone SSTs (Fig. 29), in agreement with high δ18O in the NGRIP Greenland ice 
core (Rasmussen et al., 2006). Maximum TOC values (Fig. 27 and 28) and increase in 
phytoplankton biomarker concentrations (Fig. 30) reflect the enhancement of primary 
productivity in the subarctic Pacific. Similar elevated productivity reported in the 
northwest (Keigwin et al., 1992; Gebhardt et al., 2008) and northeast Pacific 
(Gebhardt et al., 2008) for the early deglacial are believed to result from surface water 
and underlying nutrient-rich intermediate and deep water mixing (Keigwin et al., 
1992; Sarnthein et al., 2006). 
In the northeastern Bering Sea (core SO202-18-6), ice-free condition and 
maximum productivity at 13.4 ka are reflected by the lack of IP25 (Fig. 31), 
corresponding to maximum alkenone SSTs (Fig. 29) and elevated phytoplankton 
biomarker concentrations (Fig. 30). Open-water conditions also prevailed in the 
western Bering Sea as demonstrated by the IP25 drop to concentrations close to zero 
(Fig. 31) and the maximum abundance of open-water diatom, observed in sediment 
cores from this area (see Chapter 4). Deglacial high biological productivity in the 
Bering Sea is also reflected in the occurrence of laminated and biogenic opal-rich 
sediments and the increase of open-water diatoms in sediments from the western 
Bering Sea (Max et al., 2012; Riethdorf et al., 2013), the Umnak plateau (Sancetta 
and Robinson, 1983; Caissie et al., 2010) and the Bowers Ridge (Katsuki and 
Takahashi, 2005; Cook et al., 2005). Enhanced primary production results from the 
prevailing summer-like conditions, leading to the retreat of sea ice to the continental 
shelf regions causing a stronger stratification (Okazaki et al., 2010). Furthermore, at 
~15 ka B.P., a depletion in planktonic foraminifera δ18O is attributed to freshening 
and/or warming events in cores from the Bowers Ridge (Cook et al., 2005) and the 
northwestern Pacific (Keigwin, 1998). 
At the end of the Bølling-Allerød, an increase of IP25 (Fig. 31) associated with 
a drop of phytoplankton markers (Fig. 30) is observed in the Bering Sea cores. This 
probably reflects the initiation of sea-ice advance, likely due to the contemporary 
SSTs cooling. 




Fig. 31: IP25 (μg/gTOC) plotted versus age of cores SO202-07-6, SO202-27-6 and SO202-18-6, and
cores   SO201-2-12, SO201-2-77 and SO201-2-114 (Chapter 4). 
High-resolution records of δ18O values from Greenland ice core (NGRIP) (Rasmussen et al., 2006)
are also shown. Light purple and blue shaded areas represent cold periods (Last Glacial Maximum, 
LGM; Heinrich Stadial 1, HS1 and Younger Dryas, YD), light yellow shaded areas represent warm
periods (Bølling-Allerød, B/A; Early and Mid Holocene). For age model of the cores SO202-07-6,
SO202-27-6 and SO202-18-6 see Maier (In prep.), Serno (2014) and Kühn (In prep.), respectively. 
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5.6.4 THE YOUNGER DRYAS COLD EVENT (YD) 
 
The occurrence of the YD-like cold event in the Bering Sea is demonstrated by 
minimum alkenone SSTs (Fig. 29), equivalent to the millennial-scale temperature 
fluctuations recorded in Greenland ice core isotope records (Rasmussen et al., 2006). 
Meanwhile, maximum IP25 concentrations (Fig. 31) and particularly reduced 
concentrations of phytoplankton markers (Fig. 30) recorded in the core SO202-18-6, 
suggest an extended sea-ice cover, probably limiting the primary productivity on the 
Bering Sea continental shelf. 
Likewise, an increase in IP25 concentrations, recorded in the western Bering 
Sea sediment cores (SO201-2-77 and SO201-2-114; Fig. 31), points to the occurrence 
of sea ice in the area. The YD-like cold event in the Bering Sea is also supported by 
the dominance of ice-related diatoms in cores from the Umnak Plateau (Cook et al., 
2005; Table 1). 
 As registered by the increasing temperatures (Fig. 29), the YD-like cold event 
is not reflected in the eastern subarctic Pacific. In the eastern Core SO202-27-6, the 
lack of IP25 (Fig. 31) associated with presence of phytoplankton markers (Fig. 30) 
demonstrates well-established ice-free conditions. In the western Pacific, a slight 
increase in IP25 concentration probably reflects occasional sea-ice occurrences in the 
area. However, in Core SO201-2-12 situated closer to the Kamchatka coast, a 
significant increase in IP25 concentrations (Fig. 31) associated with the increase of 
sea-ice diatoms (Max et al., 2012), indicate an extended sea-ice coverage in the area, 
probably influenced by cold SST (Max et al., 2012). 
 
5.6.5 THE HOLOCENE 
 
In the Bering Sea, the transition between the YD-like cold event and the early 
Holocene is marked by a decrease of IP25 to values close to zero (Fig. 31). Based on 
the absence of IP25 in the subarctic Pacific and the Bering Sea, and high abundance of 
phytoplankton markers (Fig. 30), we suggest that ice-free conditions prevailed in 
these areas. This aligns well with the warming event, recorded by the simultaneous 
temperatures increased by more than ~3 °C in the three studied cores (Fig. 29) and 
also observed in previous studies in the subarctic Pacific (Gorbarenko et al., 1996), 
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the Bering Sea (Okazaki et al., 2005a; Caissie et al., 2010; Max et al., 2012) and the 
Okhotsk Sea (Okazaki et al; 2005b). This warm interval, corresponding to the 
Holocene Thermal Maximum (HTM; 11.5-9 ka), was likely initiated by the maximum 
in Northern Hemisphere summer insolation (Laskar et al., 2004). Melting of ice-
sheets during the deglaciation induced rapid sea-level rise, causing the reopening of 
the Bering Strait (dated to ~11 ka; Chappell et al., 1996; Elias et al., 1996; Elias et al., 
1997) and the Aleutian passages, allowing the inflow of the subarctic Pacific water 
into the Bering Sea. Increased abundances of N. seminae -known as a reliable tracer 
of the Alaskan Stream water (Sancetta, 1982)- provide an evidence of enhanced 
inflow of the subarctic Pacific Water into the Bering Sea (Sancetta and Robinson, 
1983; Katsuki and Takahashi, 2005). The combination of increased insolation and 
inflow of warm Pacific water led to the observed warming in the Bering Sea. 
From 8.5 ka onwards a significant increase in IP25 concentrations (Fig. 31), 
remaining high during the Mid Holocene, occurs in Core SO202-18-6 from the 
northeastern Bering Sea continental shelf. This increase coincides with an abrupt 
decrease in phytoplankton marker concentrations (Fig. 30) and a ~3 °C drop in 
alkenone SSTs (Fig. 29), in agreement with a prominent cooling event observed at 
high latitudes during this interval (Alley et al., 1997; Clarke et al., 2004). These 
observations support a sea-ice advance on the Bering Sea continental shelf during this 
period. This event of late-Early Holocene/Mid Holocene increase of sea-ice cover, 
probably initiated by a cooling trend, was also documented in different regions of the 
Arctic such as the Fram Strait (Müller et al., 2009, 2012), the Laptev Sea (Fahl and 
Stein, 2012), and the Canadian Arctic Archipelago (Vare et al., 2009). The increase in 
sea ice during the last 8.5 ka is likely due to the decrease in solar insolation. 
 
5.6.6 LAST GLACIAL-INTERGLACIAL SEA-ICE COVERAGE ESTIMATION BASED ON PIP25 
 
In order to allow a more comprehensive sea-ice reconstruction and an approximate 
assessment of spatial and temporal extent of sea-ice cover, Müller et al. (2011) 
established a new index, the phytoplankton IP25 Index (PIP25), by combining IP25 
values and phytoplankton biomarkers. This index is defined as PBIP25 and PDIP25 
according to the respective phytoplankton biomarker used for calculation, i.e. 
brassicasterol or dinosterol, respectively. 




Fig. 32: IP25 versus phytoplankton markers, brassicasterol and dinosterol concentrations (all in
μg/gTOC) and corresponding PBIP25 and PDIP25 indices calculated for cores SO202-07-6,
SO202-27-6 and SO202-18-6. Note that light purple and blue symbols represent cold periods
(Last Glacial Maximum, LGM, Heinrich Stadial 1 and Younger Dryas, YD) and yellow
symbols represent warm periods (Bølling-Allerød, B/A; Early and Mid Holocene). 




During the LGM, PBIP25 and PDIP25 index show maximal values in Core 
SO202-27-6 (Fig. 32 and 33), pointing to an extended sea-ice cover in the eastern 
subarctic Pacific, whereas lower values calculated in Core SO202-07-6 (Fig. 32 and 
33), suggest marginal to variable sea-ice coverage in the western subarctic Pacific
(Fig. 34).
Although the LGM sea-ice condition in the Bering Sea was not reconstructed 
in this region, previous studies revealed sea-ice related diatoms occurrence in 
sediment cores from the Umnak Plateau (Sancetta et al., 1985; Katsuki and 
Takahashi, 2005; Cook et al., 2005; Caissie et al., 2010) and the Shirshov Ridge 
(Katsuki et al., 2003), interpreted as thick, extensive sea-ice coverage in these regions 
during the LGM (Fig. 34). However, the absence of sea-ice related diatoms on the 
western Bowers Ridge, indicate that sea ice was probably at the crest but not on the 
western side of the Bowers Ridge during this period (Katsuki and Takahashi, 2005). 
Fig. 33: PBIP25 and PDIP25 indices calculated using IP25, brassicasterol, and dinosterol concentrations 
(Müller et al., 2011) of sediment cores SO202-07-6, SO202-27-6 and SO202-18-6. Special areas,
separated by dotted lines, represent different sea-ice conditions (PIP25 > 0.1 variable/less, >0.5 
marginal, >0.75 extended ice cover) according to Müller et al. (2011). Light purple and blue shaded 
areas represent cold periods (Last Glacial Maximum, LGM; Heinrich Stadial 1, HS1 and Younger








During Heinrich Stadial 1 cold event, surprisingly higher values of PBIP25 and 
PDIP25 index, compared to the LGM, are calculated in Core SO202-07-6 (Fig. 32 and 
33). This probably refers to marginal conditions in the western subarctic Pacific (Fig. 
32 and 33). However, in Core SO202-27-6, lower PBIP25 and PDIP25 index values 
point toward the initiation of ice melting, leading to a shift from LGM extended sea-
ice coverage to marginal/variable sea-ice cover in the subarctic Pacific during the 
HS1 (Fig. 34). During this period, relatively high IP25 concentration in the cores from 
the western Bering Sea indicates that sea-ice coverage remain extensive (Fig. 31). 
However, the decrease in sea-ice related diatoms abundance, observed on the Umnak 
Plateau ~ 16.7 ka (Caissie et al., 2010; Table 1), suggests the occurrence of short 
open-water periods. 
In Core SO202-27-6, a sudden drop of PBIP25 and PDIP25 indices to minimal 
values (Fig. 33) indicate a retreat of previously extended sea ice, leaving the eastern 
subarctic Pacific ice-free during the B/A warm period (Fig. 34). A drop of PBIP25 and 
PDIP25 indices , suggesting ice-free conditions, is also observed in the core SO202-07-
6, from the western subarctic Pacific. However, around ~13.5 ka, an increase in 
PBIP25 and PDIP25, probably reflects the initiation of sea-ice advance, with ice-edge 
condition in the western subarctic Pacific at the end of the B/A.  
In the Bering Sea a shift from ice-free conditions at the onset of the B/A to 
marginal sea-ice conditions around 13.5 ka is also indicated by the increase in PBIP25 
and PDIP25 (Fig. 33). This correlates with the increase of IP25 flux rate in cores from 
the western Bering Sea (see Chapter 4). 
During the YD cold event, the eastern subarctic Pacific remained ice-free (Fig. 
34), as indicated by minimal PBIP25 and PDIP25 values (Fig. 32 and 33). In the western 
subarctic Pacific, low PBIP25 and PDIP25 values specified significantly reduced sea ice 
(Fig. 34), shifting to ice-free conditions around ~12.5 ka. In Core SO202-18-6, high 
PBIP25 and PDIP25 index values, ranging between 0.6 and 0.8 (Fig. 33; Appendix C, 
Table C1) suggest extended sea-ice coverage on the northeastern Bering Sea 
continental shelf during the YD. Extended sea ice in the entire Bering Sea during this 
interval is also supported by elevated IP25 concentrations in sediment cores from the 
western Bering Sea (see Chapter 4) and the occurrence of sea-ice diatoms in cores 
from the Umnak Plateau (Cook et al., 2005; Caissie et al., 2010) (Fig. 34).  
 




Minimum PBIP25 and PDIP25 index values in the eastern and western subarctic 
Pacific during the Early Holocene demonstrate that modern oceanographic conditions 
(i.e open-water conditions) prevailed in the entire subarctic Pacific. A shift from 
minimal PBIP25 and PDIP25 index to high values at ~8.5 ka (Fig. 33), reflect advance 
Fig. 34: Schematic representation of sea-ice variability in the subarctic North Pacific and the Bering 
sea during the last glacial-interglacial cycle. Light and dark dotted lines show the modern summer and
winter sea-ice extent, respectively. Red dots show studied cores within this thesis (this Chapter and
Chapter 4), grey dots highlight cores described in previous studies (see Table 1 for references). Global 
sea level and extent of Beringia (in green) is shown for each interval (Manley, 2002) 
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of sea ice leading to marginal/extended sea-ice cover on the Bering Sea continental 




In this study, the last glacial-deglacial-Holocene variability in SST and sea-ice cover 
was reconstructed in sediment core from the Bering Sea and the subarctic Pacific by 
means of alkenone and the sea-ice proxies IP25 and PIP25, respectively. 
 During the Last Glacial Maximum, the Bering Sea and the eastern subarctic 
Pacific experienced extended sea-ice coverage, whereas lower PIP25 index in the 
western subarctic Pacific reflects ice-edge conditions in this region. Low alkenone 
SSTs and extended to marginal sea-ice conditions prevailed in the Bering Sea and the 
eastern subarctic Pacific during the HS1.  
 During cold periods, lowered sea level provoked the closure of the Bering 
Strait, preventing the warm Pacific Water inflow into the Bering Sea and, thus, 
permitting the extension of sea ice. 
At the onset of the Bølling–Allerød, the subarctic Pacific and the Bering Sea 
experienced ice-free conditions, coinciding with an increase in alkenone SSTs and 
primary productivity. Around ~13.5 ka, the initiation of sea-ice advance, led to 
extended sea-ice cover in the Bering Sea and marginal sea ice in the western Pacific 
during the YD. However, the eastern subarctic Pacific remained ice-free during this 
cold interval. 
 The transition between the YD and the Early Holocene is marked by an 
increase in alkenone SST and minimum values of PIP25 index, reflecting ice-free 
conditions in the subarctic Pacific and the Bering Sea during the Holocene Thermal 
Maximum. During this warm interval, the increase in SST is likely due to an increase 
in insolation, enhancing the melting of ice sheets and thus sea-level rise. The resultant 
opening of Bering Strait (~ 11 ka) and the Aleutian passages allowed the influx of 
Pacific water into the Bering Sea. This warm-water inflow further enhanced the sea-
ice melting, leading to ice-free conditions in the Bering Sea during this period. The 
sudden increase in IP25 and PIP25 in sediments from the northeastern Bering Sea 
reveals a late-Early Holocene shift from open-water environments, prevailing during 
 ?
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the Holocene Thermal Maximum, to marginal sea-ice conditions, likely initiated by 
the prominent cooling event observed around 8.5 ka in the High Latitudes. 
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6. CONCLUSIONS AND OUTLOOK 
6.1 CONCLUSIONS 
?
The overall goal of this thesis was to reconstruct the millennial-scale variability of 
surface-water characteristics and terrigenous input in the subarctic Pacific and Bering 
Sea over the last glacial-interglacial cycle and their relationship to global climate 
change using organic geochemical proxies.  
 In the first study, in view of future paleoclimatologic and paleoceanographic 
reconstructions in the subarctic Pacific and the Bering Sea, surface sediments were 
analyzed to determine the applicability of various biomarkers in the in these areas. 
Hydrogen index values, long-chain n-alkanes and specific sterols analyses allowed us 
to distinguish between marine and terrestrial organic carbon. We have shown that 
high primary production on the Bering Sea shelf, the “Green Belt” area, is 
responsible for the predominance of marine organic carbon accumulation. However, 
in the subarctic North Pacific, the organic material originates predominantly from 
terrestrial higher plants, probably related to dust input from Asia via westerly winds 
and ocean currents. 
 In order to reconstruct Uk´37-SSTs, two different calibrations were tested 
(Müller et al., 1998 and Sikes et al., 1997) to determine the most adequate one for the 
study area. As shown the Müller et al. (1998) calibration offers the most reliable 
estimate of mean annual temperature in the central North Pacific but does not 
correlate with mean annual temperature throughout the study area. In the eastern 
North Pacific and the Bering Sea, the Sikes et al. (1997) calibration seems to be more 
accurate and matches the summer SSTs. The distribution of the novel sea-ice proxy 
IP25 in surface sediments is in accordance with the modern spring sea-ice edge, as it 
was only found in samples situated north of the March ice edge and absent from the 
rest of the investigated area. These results demonstrate the potential of this proxy to 
track past variations in sea-ice cover in the study area.  
 Therefore, in the chapters 4 and 5, identical biomarkers were analysed in 
sediment cores from the Bering Sea and the subarctic Pacific in order to reconstruct 
the last glacial-deglacial-Holocene sea ice and SST variability and give new and 







cover. As shown, cold periods are characterized by high IP25 concentrations, generally 
coupled with low SSTs and low marine productivity. These observations are 
interpreted to reflect thick and perennial sea-ice cover during the Last Glacial 
Maximum in the Bering Sea and the subarctic Pacific. During the Heinrich Stadial 1 
and Younger Dryas, sea-ice cover conditions were probably interrupted by a longer 
period of ice-edge or open-water conditions during summer. In contrast, the absence 
of IP25, generally associated with high SSTs and marine productivity, indicates 
reduced sea ice to ice-free conditions during the warmer periods of the Bølling–
Allerød and Holocene, especially during the Holocene Thermal Maximum.  
 We have shown that variations in sea-ice extent are closely linked to the 
water-mass circulation patterns between the subarctic Pacific and the Bering Sea, 
which are significantly different today than during glacial times. During cold periods, 
lowered sea level provoked the closure of the Bering Strait, preventing the warm 
Pacific Water inflow into the Bering Sea and, thus, permitting the extension of sea-
ice. During warm intervals, the increase in SST is likely due to an increase in 
insolation, leading to the decay of ice sheets, causing rapid postglacial sea-level rise. 
The resultant opening of Bering Strait (~ 11 ka) and the deglaciation of Aleutian 
passes allowed the influx of Pacific water in the Bering Sea, thereby further 
enhancing warming and sea-ice melting, leading to ice-free conditions in the Bering 




Since IP25 discovery in Arctic sea ice and sediments, to date, relatively few studies of 
IP25-based paleo sea-ice reconstruction, covering different time scale and temporal 
resolutions have been reported. Therefore, many questions remain open and need to 
be investigated in future IP25 studies. 
 For instance, identification of IP25-producing diatoms remain uncertain due to 
the small number of sea-ice sampling studies and need further investigations in the 
future. Further efforts should also be produced in order to extent the temporal range 
as, to date, IP25 analyses has only been carried on in marine sediments up to (at least) 





ODP core 912 in central Fram Strait (Stein and Fahl, in press). Further work is 
required in order to cover a broader range of geological intervals and extent or 
knowledge about long-term variations of sea ice in the high latitudes. 
Since the discovery of IP25, several subsequent studies using IP25 as a proxy 
for sea-ice reconstructions in the Arctic and its marginal seas covering different 
periods and temporal resolutions have been reported (Fig. 10). IP25 was used to 
reconstruct the sea-ice coverage in the Fram Strait/Yermak Plateau (Müller et al., 
2009, 2011, 2012; Stein and Fahl, 2012; Stein et al., 2012), on the Lomonosov Ridge 
and the continental slope of the Laptev Sea (Fahl and Stein, 2012; Xiao et al., 2013), 
the North Iceland Shelf (Massé et al., 2008; Andrews et al., 2009), the Canadian 
Arctic Archipelago (Vare et al., 2009; Belt et al., 2010; Brown et al., 2011), in the 
Barents Sea (Vare et al., 2010) (Fig. 10). However, further areas of future research, 
for instance the central Arctic (Fig. 10), still need to be investigated, in order to 
improve our understanding of IP25 and our knowledge about the high latitude global 
climate variability.  
Fig. 35: Map showing the location of studied cores (red dots), cores of interest for future IP25 studies
recovered during SO202-INOPEX RV Sonne and SO201-KALMAR R/V Sonne cruises (purple dots)







In the subarctic Pacific and its marginal seas, the localisation of palaeo sea-ice 
margins would be of high interest as they denote areas of contrasting sea surface 
conditions. Hence, IP25 studies in additional key cores from SO202-INOPEX RV 
Sonne and SO201-KALMAR R/V Sonne cruises would extent or knowledge about 
spatial and temporal variability of the sea-ice cover in the subarctic north Pacific and 
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8. APPENDIX  
 
• - Tables including data from Chapter 3 
 
Table A1: 
Station list (station number, locations and water depth (WD)), organic-geochemical bulk 
parameters and specific biomarkers in the surface sediment: Total organic-carbon contents 
(TOC in wt. (%)), hydrogen index values (in mgHC/ gOC), total organic carbon/total nitrogen 
(C/N) ratios, specific sterols (brassicasterol, dinosterol, sum of campesterol and ß-ditosterol in 
μg/g OC) and long-chain n-alkanes (in μg/g OC). 
 
Table A2:  
Station list (station number, locations and water depth (WD)), IP25 (μg/g OC), , -based 
temperature (according to Müller et al. (1998) and Sikes et al. (1997) calibrations) and 
residuals (calculated by subtracting the World Ocean Atlas 2001 (WOA01) SST from the 
respective -based SST). 
 
Fig. A1: Hydrogen Index (HI) (mg HC/g TOC) determined in surface sediments from the 





































   































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix B-Table including data from Chapter 4 
 
Max et al. (2012) and Riethdorf et al. (2013) data are archived within PANGAEA (Alkenone 












Core SO201-02-12KL Core SO201-2-77KL Core SO201-2-114KL
Age IP25 Age IP25 Age IP25 Age IP25 Age IP25
(kyr BP) (µg/gSed) (kyr BP) (µg/gSed) (kyr BP) (µg/gSed) (kyr BP) (µg/gSed) (kyr BP) (µg/gSed)
0.96 0.0044 11.37 0.0021 16.14 0.0179 1.16 0.0000 8.85 0.0028
1.00 0.0028 11.43 0.0022 16.23 0.0130 1.82 0.0000 8.95 0.0029
1.16 0.0031 11.49 0.0021 16.32 0.0122 2.48 0.0011 9.05 0.0020
1.37 0.0027 11.56 0.0037 16.41 0.0244 3.14 0.0017 9.14 0.0030
1.57 0.0040 11.62 0.0061 16.49 0.0296 3.80 0.0029 9.29 0.0011
1.77 0.0025 11.68 0.0088 16.78 0.0285 4.46 0.0016 9.34 0.0011
2.02 0.0021 11.74 0.0119 16.94 0.0265 5.12 0.0006 9.53 0.0017
2.38 0.0022 11.80 0.0072 17.09 0.0170 5.78 0.0014 9.63 0.0017
2.59 0.0021 11.86 0.0247 17.20 0.0149 6.44 0.0014 9.82 0.0016
2.79 0.0037 11.93 0.0148 17.30 0.0160 7.10 0.0007 9.92 0.0007
3.00 0.0020 12.05 0.0305 17.41 0.0120 7.68 0.0016 10.06 0.0000
3.20 0.0034 12.11 0.0316 17.51 0.0162 7.93 0.0036 10.11 0.0017
3.40 0.0008 12.17 0.0280 17.61 0.0191 8.17 0.0020 10.30 0.0011
3.61 0.0040 12.23 0.0342 17.72 0.0175 8.42 0.0024 10.40 0.0008
3.81 0.0037 12.30 0.0360 17.82 0.0145 8.67 0.0021 10.59 0.0011
4.01 0.0029 12.36 0.0413 17.92 0.0152 8.92 0.0023 11.66 0.0025
4.22 0.0024 12.42 0.0416 18.02 0.0200 9.16 0.0022 11.85 0.0025
4.42 0.0032 12.48 0.0532 18.13 0.0149 9.41 0.0032 11.89 0.0026
4.62 0.0031 12.54 0.0297 9.66 0.0015 11.96 0.0037
4.83 0.0027 12.60 0.0300 10.15 0.0016 12.11 0.0037
5.07 0.0030 12.67 0.0201 10.45 0.0017 12.23 0.0035
5.19 0.0027 12.73 0.0412 10.83 0.0006 12.26 0.0047
5.44 0.0050 12.79 0.0160 11.20 0.0017 12.41 0.0042
5.64 0.0039 12.85 0.0448 11.37 0.0011 12.49 0.0098
5.85 0.0038 12.91 0.0601 11.55 0.0057 12.53 0.0068
6.05 0.0024 12.97 0.0281 11.72 0.0028 12.60 0.0075
6.25 0.0026 13.04 0.0111 11.90 0.0044 12.72 0.0053
6.46 0.0039 13.10 0.0072 12.08 0.0032 12.80 0.0057
6.66 0.0033 13.16 0.0100 12.26 0.0052 12.88 0.0026
6.86 0.0026 13.22 0.0070 12.44 13.00 0.0052
7.07 0.0030 13.28 0.0040 12.62 0.0124 13.12 0.0026
7.27 0.0035 13.34 0.0026 13.09 0.0045 14.77 0.0081
7.47 0.0032 13.40 0.0024 13.55 0.0024 14.82 0.0105
7.68 0.0024 13.46 0.0025 13.98 0.0017 14.90 0.0093
7.88 0.0027 13.51 0.0029 14.75 0.0024 14.99 0.0102
8.08 0.0039 13.55 0.0067 15.23 0.0078 15.02 0.0107
8.29 0.0039 13.60 0.0045 15.81
8.49 0.0107 13.65 0.0040 16.95 0.0036
8.70 0.0052 13.70 0.0038
8.90 0.0038 13.74 0.0030
9.10 0.0031 13.79 0.0018
9.31 0.0033 13.83 0.0030
9.51 0.0032 13.87 0.0041
9.69 0.0020 13.91 0.0030
9.88 0.0024 13.94 0.0030
9.97 0.0033 13.98 0.0072
10.16 0.0131 14.02 0.0056
10.25 0.0026 14.08 0.0082
10.34 0.0021 14.15 0.0031
10.43 0.0028 14.21 0.0027
10.53 0.0020 14.34 0.0021
10.62 0.0013 14.41 0.0008
10.71 0.0031 14.48 0.0018
10.80 0.0023 14.55 0.0020
10.90 0.0043 14.62 0.0015
10.99 0.0019 14.69 0.0020
11.08 0.0005 14.77 0.0015
11.11 0.0020 14.86 0.0017
11.13 0.0050 14.96 0.0048
11.16 0.0032 15.15 0.0076
11.18 0.0078 15.25 0.0130
11.21 0.0074 15.34 0.0140
11.23 0.0070 15.43 0.0212
11.26 0.0047 15.53 0.0254
11.28 0.0045 15.62 0.0191








• Appendix C 
Tables including data from Chapter 5 
 
Table C1: 
Biomarker data, PBIP25 and PDIP25 indices of sediment core SO202-18-6 
 
Table C2: 
Biomarker data, PBIP25 and PDIP25 indices of sediment core SO202-27-6 
 
Table C3: 
















Bering Sea continental shelf-core SO202-18-6
Depth Age TOC UK´37 Alkenone  SST IP25 Brassicasterol Dinosterol PBIP25 PDIP25  Σ n-C27, n-C29, n-C31 Campesterol ß-Sitosterol
  (Sikes et al., 1997) 
(cm) (ka BP) wt. (%) (°C) (μg/g OC) (µg/g OC) (µg/g OC)  (µg/g OC) (µg/g OC) (µg/g OC)
2 5.4 0.47 0.193 7.2 0.36 40.98 21.59 0.90 0.84 38.52 39.86 150.62
12 5.6 0.47 0.220 7.9 0.13 58.71 78.36 0.69 0.34 59.07 50.26 0.00
22 5.9 0.59 0.159 6.3 0.19 25.47 18.50 0.88 0.76 154.25 14.86 95.57
32 6.2 0.59 0.188 7.1 0.13 264.69
42 6.5 0.63 0.181 6.9 0.13 28.45 0.82 160.80 17.70 2803.85
52 6.7 0.73 0.198 7.4 0.09 35.56 17.27 0.71 0.61 188.35 20.35 2779.07
62 7.0 0.60 0.166 6.5 0.07 28.20 22.57 0.72 0.51 115.65 19.02 3145.89
72 7.3 0.61 0.205 7.6 0.12 30.01 16.67 0.80 0.70 158.57 20.09 3271.57
82 7.6 0.65 0.208 7.6 0.08 35.23 12.59 0.71 0.68 174.06 24.51 3793.53
92 7.9 0.68 0.212 7.7 0.07 36.90 24.66 0.67 0.49 198.11 25.85 3796.89
102 8.1 0.63 0.252 8.8 0.09 261.25
112 8.4 0.59 0.224 8.1 0.11 21.90 9.91 0.83 0.77 220.09 20.36 200.19
122 8.7 0.56 0.231 8.2 0.04 16.78 9.86 0.70 0.55 154.61 17.40 159.42
132 9.0 0.56 0.241 8.5 0.04 18.25 12.39 0.69 0.51 258.07 18.68 143.93
142 9.2 0.71 0.252 8.8 0.04 19.82 11.94 0.67 0.52 286.75 20.19 118.48
152 9.5 0.71 0.249 8.7 0.00 44.11 21.55 0.00 0.00 182.94 35.26 195.60
162 9.8 0.71 0.258 9.0 0.05 20.01 6.12 0.70 0.70 203.62 20.32 146.04
172 10.0 0.91 0.247 8.7 0.03 33.90 13.96 0.46 0.39 254.83 29.00 205.29
182 10.1 1.08 0.266 9.1 0.00 12.52 0.00 627.85 25.63 153.80
190 10.2 1.03 0.251 8.8 0.00 110.52 51.47 0.00 0.00 325.69 170.98 597.21
206 10.3 1.11 0.223 8.0 0.00 96.04 34.46 0.00 0.00 98.92 399.47
218 10.3 1.13 0.245 8.6 0.00 106.56 34.85 0.00 0.00 122.67 508.40
232 10.4 1.19 0.213 7.8 0.00 100.01 28.49 0.00 0.00 100.95 490.38
240 10.5 1.07 0.258 9.0 0.00 48.02 14.27 0.00 0.00 181.44 67.98 250.71
262 10.7 1.26 0.217 7.9 0.00 120.72 44.86 0.00 0.00 261.12 384.51
282 10.9 1.13 0.232 8.3 0.00 141.26 76.85 0.00 0.00 164.51 550.92
297 11.0 1.13 0.219 7.9 0.00 206.74 33.83 0.00 0.00 146.84 448.40
305 11.1 1.13 0.224 8.1 0.00 1237.12
322 11.2 1.38 0.220 7.9 0.00 223.95 44.93 0.00 0.00 500.38 659.91
352 11.3 1.19 0.182 6.9 0.00 101.19 27.13 0.00 0.00 488.12 427.82
364 11.3 1.10 0.226 8.1 0.00 948.67
382 11.4 1.19 0.194 7.3 0.00 118.25 15.84 0.00 0.00 95.62 446.97
396 11.5 1.12 0.211 7.7 0.00 129.86 17.62 0.00 0.00 91.29 337.61
414 11.6 0.87 0.201 7.4 0.00 113.24 12.71 0.00 0.00 145.10 291.19
419 11.6 1.01 0.199 7.4 0.07 158.79 36.86 0.31 0.38 364.16 540.93
422 11.7 0.85 0.190 7.2 0.00 53.38 22.79 0.00 0.00 0.00 235.66
432 11.7188 0.81 0.162 6.43 0.027 22.64 10.37 0.54 0.44 217.74 20.63 173.12
452 11.8394 0.83 0.1556 6.25 0.000 26.75 20.59 0.00 0.00 394.13 0.00 238.28
462 11.9002 0.78 0.158 6.32 0.000 19.79 11.04 0.00 0.00 272.04 21.44 167.56
472 11.9609 0.88 0.163 6.45 0.156 21.18 15.17 0.88 0.76 236.14 24.48 171.20
482 12.0217 0.79 0.161 6.38 0.083 23.00 12.24 0.78 0.68 416.00 22.09 164.68
492 12.0824 0.79 0.175 6.77 0.114 36.01 17.69 0.76 0.67 607.09 38.36 264.15
502 12.1432 0.82 0.135 28.24 20.28 0.83 0.68 245.92 26.41 174.44
512 12.2038 0.77 0.158 6.32 0.039 25.21 8.38 0.61 0.59 283.29 28.59 195.52
522 12.263 0.84 0.000
532 12.3219 0.78 0.161 6.40 0.098 28.15 15.66 0.78 0.66 315.12 29.08 171.87
542 12.3807 0.141 5.86 0.069 384.79
552 12.4396 0.74 0.149 6.07 0.064 26.73 11.09 0.71 0.64 347.62 25.14 133.70
562 12.4985 0.74 0.103 4.86 0.136 15.35 0.39 0.73 416.17 170.75 878.62
572 12.5574 0.76 0.153 6.2 0.349 40.31 15.33 0.90 0.88 362.27 35.20 198.04
582 12.6162 0.78 0.175 6.8 0.137 36.70 25.88 0.79 0.62 222.40 38.73 204.72
592 12.6756 0.76 0.077 20.07 15.90 0.79 0.60 240.11 18.95 116.71
602 12.7395 0.84 0.167 6.5 0.175 32.52 15.80 0.84 0.78 241.45 28.89 178.50
612 12.8045 0.89 0.155 6.2 0.132 45.17 19.74 0.74 0.68 426.42 30.05 166.08
622 12.8678 0.93 0.165 6.5 0.109 60.19 14.09 0.64 0.71 305.19 36.30 164.08
634 12.9243 0.92 0.191 7.2 131.92 12.98 81.70
652 13.0093 0.95 0.181 6.9 0.140 46.48 9.60 0.75 0.82 429.31 33.72 149.03
662 13.0837 0.93 0.176 6.8 0.077 55.77 8.87 0.58 0.73 427.62 43.52 190.79
672 13.1607 0.89 0.186 7.1 0.069 38.71 11.36 0.64 0.65 304.58 27.42 124.92
682 13.2381 0.89 0.187 7.1 0.119 90.91 18.46 0.57 0.67 610.87 52.69 311.38
692 13.3169 0.88 0.210 0.111 1165.08
702 13.3959 0.82 7.7 0.000 187.22 22.19 0.00 0.00 340.55 91.95 413.27






Bering Sea continental shelf- core SO202-27-6
Depth Age TOC UK´37 Alkenone  SST IP25 Brassicasterol Dinosterol PBIP25 PDIP25  Σ n-C27, n-C29, n-C31 Campesterol ß-Sitosterol
  (Sikes et al., 1997) 
(cm) (ka BP) wt. (%) (°C) (μg/g OC) (µg/g OC) (µg/g OC)  (µg/g OC) (µg/g OC) (µg/g OC)
3 7.3 0.19 0.3706 11.9 0.00 0.90 0.00 0.00 0.00 100.47 0.00 2.15
7 8.7 0.16 0.3833 12.2 0.00 14.15 1.47 0.00 0.00 101.95 3.75 32.03
11 10.1 0.18 0.3618 11.7 0.00 0.00 0.00 127.37
15 11.3 0.41 0.255 8.9 0.00 0.81 0.00 0.00 0.00 57.05 0.00 0.00
19 12.3 0.43 0.2464 8.6 0.00 28.03 4.97 0.00 0.00 61.17 6.61 40.43
23 13.4 0.66 0.23 8.2 0.00 35.05 24.36 0.00 0.00 61.58 0.68 61.09
27 14.2 0.78 0.2394 8.5 0.00 44.68 30.25 0.00 0.00 50.49 1.30 70.38
31 14.6 0.82 0.245 8.6 0.00 36.16 13.73 0.00 0.00 53.65 5.27 56.50
35 14.9 0.90 0.2018 7.5 0.00 14.96 33.17 0.00 0.00 43.85 0.00 19.84
39 15.3 0.75 0.2139 7.8 0.05 25.80 9.20 0.12 0.14 68.91 6.08 42.63
43 15.6 0.70 0.1754 6.8 0.18 21.34 3.33 0.36 0.60 91.38 7.36 34.35
47 16.0 0.50 0.80 141.51
51 16.4 0.51 0.2045 7.5 0.54 13.02 1.91 0.73 0.89 118.83 3.73 19.42
55 17.3 0.58 0.207 7.6 0.89 33.71 4.30 0.64 0.85 97.71 6.78 44.63
59 18.2 0.55 0.2275 8.1 0.40 19.60 2.69 0.57 0.80 94.74 4.16 28.01
63 19.1 0.58 0.2065 7.6 0.22 4.26 2.02 0.77 0.75 94.54 1.28 8.50
67 20.0 0.56 0.1925 7.2 0.26 3.52 0.00 0.83 1.00 79.89 0.00 6.35
71 20.9 0.72 0.25 8.7 0.34 0.61 0.00 0.97 1.00 76.43 0.00 3.27
75 21.8 0.42 0.16 16.20 2.66 0.39 0.62 115.27 0.00 27.30
79 22.5 0.55 0.2148 7.8 0.52 4.63 2.62 0.88 0.84 79.92 0.83 7.16
83 23.3 0.45 0.25 8.7 0.29 3.98 1.26 0.83 0.86 113.30 1.42 7.07
87 24.1 0.40 0.46 14.41 2.15 0.68 0.85 101.46 2.40 22.50
91 25.0 0.41 0.2775 9.5 0.43 103.37
95 25.8 0.40 0.2545 8.9 0.38 4.00 1.70 0.86 0.86 1.29 8.54
102 27.3 0.39 0.2 7.4 0.19 1.33 0.55 0.93 0.91 82.60 0.09 4.34
107 28.0 0.32 0.2558 8.9 0.00 0.00 0.00 0.00 104.30 1.23 174.09
112 28.6 0.37 0.2254 8.1 0.37 1.02 0.14 0.97 0.99 88.62 0.00 3.22
117 29.1 0.31 0.2041 7.5 0.47 0.17 0.00 1.00 1.00 79.00 0.00 8.08
127 30.2 0.40 0.276 9.4 0.30 0.00 0.00 1.00 78.34 0.00 5.09
132 30.7 0.31 0.21 22.24 3.99 0.49 0.60 177.42 6.28 35.69
137 31.2 0.39 0.2381 633.85
142 32.0 0.42 0.2658 9.2 1.43 2.24 1.58 0.99 0.96 86.27 0.36 7.24
147 33.1 0.31 0.3084 10.3 0.14 5.00 2.15 0.74 0.65 137.54 0.00 22.10
152 34.1 0.29 0.2761 9.4 0.12 0.00 0.00 1.00 1.00 71.99 0.00 42.10
157 35.2 0.35 0.2931 9.9 0.08 0.32 0.06 0.96 0.97 75.87 0.00 2.62
162 36.3 0.30 0.2571 8.9 0.19 0.20 0.00 0.99 1.00 77.94 0.00 1.29
167 37.2 0.33 0.2388 8.4 0.00 0.17 0.00 0.00 0.00 63.38 0.00 1.67
172 38.0 0.41 0.2158 7.8 0.42 20.02 2.99 0.68 0.80 108.08 5.98 30.55
177 38.8 0.38 0.1871 7.1 0.29 37.96 5.67 0.44 0.59 138.49 13.24 38.55
182 39.6 0.31 0.229 8.2 0.39 25.41 3.23 0.61 0.77 98.48 7.20 37.07
187 40.4 0.24 0.2278 8.2 0.18 18.44 2.98 0.50 0.63 80.47 4.56 28.11
192 41.3 0.22 0.2289 8.2 0.00 4.56 0.76 0.00 0.00 239.66 0.00 11.80
202 42.6 0.25 0.1971 7.3 0.00 0.00 0.00 119.91
207 43.1 0.26 0.2062 7.6 0.00 29.16 4.90 0.00 0.00 104.98 11.24 55.34
212 43.4 0.37 0.00 0.00 0.00
217 43.7 0.46 0.2211 8.0 0.00 87.19 15.54 0.00 0.00 81.49 12.60 91.66
222 44.0 0.50 0.2016 7.5 0.00 116.46 24.04 0.00 0.00 59.61 21.26 138.31
227 44.3 0.53 0.2196 7.9 0.00 7.60 29.95 0.00 0.00 59.93 1.43 86.80
232 44.6 0.46 0.32 10.6 0.23 72.60
237 44.9 0.38 0.2093 7.7 0.20 102.11
242 45.2 0.89 0.2195 7.9 0.00 5.06 0.00 0.00 0.00 29.35 0.00 4.20
247 45.5 0.37 0.2081 7.6 0.33 13.87 1.26 0.71 0.88 90.12 3.78 17.96
252 45.8 0.22 0.1788 6.9 0.00 123.09 19.84 0.00 0.00 100.69 25.56 182.45
257 46.0 0.53 0.1993 7.4 0.00 12.40 2.63 0.00 0.00 43.94 3.35 25.22
262 46.3 0.21 0.00 0.00 0.00
267 46.6 0.28 0.2317 8.3 0.00 3.00 0.09 0.00 0.00 99.88 1.53 9.06
272 46.9 0.28 0.2281 8.2 0.00 17.51 2.98 0.00 0.00 75.79 5.95 33.19
277 47.2 0.34 0.2326 8.3 0.00 64.12 8.78 0.00 0.00 83.51 13.79 84.87
282 47.5 0.47 0.2342 8.3 0.00 44.78 5.05 0.00 0.00 99.88 6.64 57.36






Bering Sea continental shelf- core SO202-07-6
Depth Age TOC UK´37 Alkenone  SST IP25 Brassicasterol Dinosterol PBIP25 PDIP25  Σ n-C27, n-C29, n-C31 Campesterol ß-Sitosterol
  (Sikes et al., 1997) 
(cm) (ka BP) wt. (%) (°C) (μg/g OC) (µg/g OC) (µg/g OC)  (µg/g OC) (µg/g OC) (µg/g OC)
10 4.5 0.33 0.284 9.6 0.00 27.90 3.43 0.00 0.00 67.60 4.39 30.30
20 7.1 0.33 0.00 0.00 0.00 109.59
30 10.2 0.38 0.314 10.4 0.00 45.24 6.60 0.00 0.00 67.79 9.64 40.34
40 12.3 0.68 0.296 10.0 0.34 21.19 2.41 0.27 0.37 87.98 0.00 22.25
50 13.1 0.81 0.217 7.9 0.30 8.23 0.45 56.92 0.00
55 13.8 1.01 0.228 8.2 0.16 67.28 18.24 45.34 11.67 47.44
60 14.4 1.00 0.231 8.2 0.15 16.60 0.17 42.60 3.80
65 14.8 1.08 0.256 8.9 0.49 39.27 7.18 0.22 0.22 66.14 0.00 73.80
70 15.1 1.05 0.228 8.2 2.64 41.40 0.59 113.37 18.49
75 15.8 0.98 0.220 8.0 2.52 37.50 0.60 82.10 16.47
80 16.5 0.84 2.09 111.99
85 16.9 0.71 0.233 8.3 1.80 18.30 6.73 0.69 0.53 60.66 7.35 27.53
90 17.3 0.71 0.192 7.2 0.60 13.54 5.61 0.50 0.31 49.58 4.23 21.26
95 17.6 0.62 0.226 8.1 1.26 42.67 16.23 0.40 0.25 159.08 18.15 66.51
100 17.9 0.72 0.329 10.8 3.30 26.16 9.46 0.74 0.60 139.13 6.10 41.88
105 0.67 0.231 8.2 1.65 14.96 8.18 0.71 0.46 103.40 13.65 26.43
110 0.67 0.256 8.9 8.42 21.36 6.04 0.90 0.86 82.02 6.68 25.64
115 0.63 0.236 8.4 1.12 15.09 3.73 0.63 0.56 114.21 6.26 21.72
120 0.69 0.237 8.4 1.50 17.60 4.30 0.66 0.60 247.07 5.28 20.15
125 0.57 0.191 7.2 0.28 10.57 3.84 0.38 0.24 134.66 4.93 17.54
130 0.59 0.580 17.4 1.79
135 0.63 0.392 12.5 1.43 27.17 10.28 143.34 8.51 29.40
140 0.58 0.415 13.1 0.68 32.61 10.60 110.05 12.50 31.61
145 0.56 0.389 12.4 0.34 7.61 1.62 0.50 0.47 99.21 3.11 13.07
150 0.55 0.358 11.6 1.21 117.54 0.00 0.19 1.00 176.17 0.00 62.17
160 0.48 0.319 10.6 0.81 19.90 4.02 120.31 6.22 25.50
170 0.46 0.245 8.6 0.68 7.72 2.22 0.67 0.57 120.07 2.94 15.51
180 0.53 0.191 7.2 0.39 7.31 1.46 0.55 0.53 70.24 3.20 12.63
190 0.34 0.230 8.2 0.89 12.12 3.89 0.63 0.49 113.72 3.60 26.59
200 0.45 0.246 8.6 0.00 22.61 4.78 0.00 0.00 105.35 6.05 20.75
210 0.78 0.323 10.7 0.50 26.72 1.19 0.30 0.64 104.10 0.00 37.39
220 0.39 0.301 10.1 0.00 25.64 4.59 0.00 0.00 87.24 7.22 33.64
230 0.35 0.00 0.00 0.00 193.01
240 0.37 0.271 9.3 0.00 3.01 0.37 0.00 0.00 88.27 0.00 4.10
250 0.45 0.260 9.0 0.32 10.50 1.12 0.41 0.55 95.83 2.89 21.58
260 0.62 0.243 8.5 0.65 44.09 6.27 157.24 16.04 37.79
270 0.64 0.205 7.5 0.90 17.78 0.62 0.53 0.86 304.83 4.60 29.07
280 0.58 0.248 8.7 0.16 29.23 0.00 0.11 1.00 137.52 7.82 22.78
290 0.54 0.260 9.0 0.27 51.02 10.66 0.11 0.10 154.23 12.44 40.05
305 0.68 0.250 8.7 0.79 28.89 0.00 0.38 1.00 188.82 0.00 21.15
320 0.58 0.269 9.2 0.00 65.29 8.66 0.00 0.00 93.67 14.21 42.48
330 0.55 0.241 8.5 0.05 1.00 1.00 129.79
340 0.46 0.259 9.0 0.40 67.55 12.61 0.12 0.12 262.71 24.15 82.92
354 0.47 0.277 9.4 0.00 39.03 7.85 0.00 0.00 131.20 7.46 27.79
360 0.62 0.257 8.9 0.00 43.68 27.48 0.00 0.00 124.79 0.00 48.05
370 0.58 0.255 8.9 0.15 46.07 7.44 0.07 0.08 317.01 18.26 60.08
380 0.46 0.339 11.1 0.00 48.70 6.05 0.00 0.00 133.78 9.25 31.01
390 0.32 0.336 11.0 0.40 0.00 0.00 1.00 1.00 84.06 0.00 0.00
400 0.48 0.355 11.5 0.12 33.10 0.00 0.08 1.00 109.19 0.00 55.45
410 0.48 0.304 10.2 0.03 34.05 7.74 0.02 0.02 138.50 6.97 31.17
420 0.52 0.315 10.4 0.00 44.47 8.42 0.00 0.00 73.15 10.52 31.44
430 0.58 0.296 9.9 0.00 34.26 8.28 0.00 0.00 60.81 8.65 38.31
440 0.66 0.355 11.5 0.33 0.00 0.00 1.00 1.00 60.62 0.00 46.99
450 0.66 0.343 11.2 0.00 51.07
460 0.62 0.349 11.3 0.00 29.09 5.88 0.00 0.00 50.18 9.71 48.31
470 0.62 0.363 11.7 0.00 31.70 7.77 0.00 0.00 50.67 9.94 40.52
Table C3 
